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This book tells the story of research on Perfume Engineering in the
Laboratory of Separation & Reaction Engineering (LSRE) at the Faculty
of Engineering, University of Porto (Portugal). The interest of this story
is on the development of a new research line from the scratch, in a field
completely new for the laboratory, pushed by the personal interest
(and efforts) of the researchers involved.

All starts in 1999, when Alirio E. Rodrigues (AER) proposed a
post-doc position to Dr. Vera Mata (VM). VM got a PhD thesis on
the characterization of porous media and their application as catalysts’
supports. Her personal interests on fragrances and perfumes trigger the
jump to the so-called “Perfume Engineering.” The aim of her post-doc
research was to answer one intriguing question: given a composition
of a liquid mixture what do we smell? And can we predict it? From
the very beginning, both AER and VM expected that the output of the
post-doc was going to be a spin-off company in that area.

To start AER invested in a GC—MS and many commercial perfumes
were analyzed. A first attempt to get funding from FCT (our national
agency for funding research) failed but VM succeeded in the second
trial (SAPIENS 39990/EQU/2001—Design of a perfume using natural
resources and clean technologies). She built a homemade Supercritical
Fluid Extractor (SCRITICAL) and some essential oils from Portuguese
aromatic plants were produced: limonene as top note, geranium oil as
intermediate note, rockrose from Cistus ladaniferus as base note. In the
meantime, Paula Gomes (PG) joined as a PhD student and we had
moved to the new campus in 2000. Also an olfactometer was bought
and odor thresholds were collected for some fragrances.

The funded project attracted the attention of the media, with
interviews in newspapers and television. The engineering contribution
became clear with a paper published in the AIChE Journal on
“Engineering Perfumes” in which the idea of the Perfumery Ternary
Diagram (PTD®) was explained. It allowed predicting the odor value
for each liquid composition, mapping the various regions of smells in
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a triangle where the vertices correspond to the three main perfume
notes.

The idea of perfume classification (later called the perfumery radar)
was shown in a slide at the Product Technology Congress, Groningen,
the Netherlands (2004) in the presentation entitled “The science behind
perfumes design.”

The first PhD thesis on the topic was from PG called “Engineering
perfumes” and finished in 2005 with Solke Bruin (the Netherlands) as
opponent.

In 2006, VM left the laboratory and created a spin-off company
named i-sensis (www.i-sensis.com) dedicated to the development of
personalized perfumes and olfactive marketing. She was joined by PG
who continued a post-doc in industrial environment for a while.

The second wave continued with Miguel Teixeira (MT) who
defended his PhD “Perfume performance and classification: Perfumery
Quaternary—Quinary (PQ2D®) and Perfumery Radar” in 2011 with
André Chieffi from Procter & Gamble as opponent. During the period
of the thesis of MT, Dr. Oscar Rodriguez (OR) joined the group of
Product Engineering. The concept of PTD® was extended and the
perfumery radar was presented to classify perfumes. Again the impact
of that paper in the media (The Economist, Chemical & Engineering
News, among others) was very high.

Under the initiative of VM, a project of “Microencapsulation of
perfumes for textile application,” funded by Agency of Innovation
(AdI) was started, before she left to create i-sensis, in collaboration with
CITEVE and a company “A Penteadora” where industrial tests were
carried out. That work opened another avenue on microencapsulation
inside the Product Engineering group at LSRE. Perfume Engineering
is also connected with another research topic on “Valuable chemicals
from lignin,” started in 1990, aiming at producing vanillin (a perfume
ingredient) and syringaldehyde from kraft black liquor which is now
gaining visibility with the rise of the biorefinery concept.

Research in Perfume Engineering has attracted the attention of some
“big” companies in the area who come to visit the laboratory and start
some cooperative work being “surprised” how a group could start
meaningful research (from industrial perspective) by his own initiative
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and ideas. It is true that we were in Academia but with eyes open to the
work going on and participating in main conferences as the World
Congress on Perfumery (Cannes, 2004) or the CosmInnov—Cosmetic
Innovation Days (Orléans, 2010).

Now several young trainees are coming from foreign countries
(Poland, France, Brazil) to work in the laboratory, while the third wave
started with the study of the matrix effect on perfume performance in
relation with personal care and home-care products.

Miguel A. Teixeira
Oscar Rodriguez
Paula Gomes

Vera Mata

Alirio E. Rodrigues
Porto, 2012



A Product Engineering Approach
in the Perfume Industry

1.1 THE FLAVOR AND FRAGRANCE MARKET
1.2 FROM THE IDEA TO MARKET: PRODUCT ENGINEERING
REFERENCES

Fragrances are used in a wide variety of daily products like per-
fumes, cosmetics, toiletries, and household cleaners. The purpose of
including fragrances in the formulation of all these different products
is to influence consumers, either by enhancing their sensorial proper-
ties or simply by signaling the product to be easily recognizable. On
their side, consumers are attracted to perfumed products because
they are capable of influencing their image, mood, or even their
personality. Remarkably, the incorporation of fragrances in products
has also the role of improving the evaluations that customers make
for the performance of those products: fresh odors are often applied
in cleaning products because consumers associate fresh with clean.
This bilateral relationship is explained by the power of the sense of
olfaction, which surpasses frontiers that other senses cannot reach.

1.1 THE FLAVOR AND FRAGRANCE MARKET

It is no wonder that the business of Flavors and Fragrances (F&F) has
become a multibillion dollar market with great economic impact all
over the world. Currently, it includes two different fields of operation:
(i) the production of raw materials, either extracted from natural
sources or synthesized in the laboratory and (ii) the formulation of fla-
vor or fragrances’ blends. Of course, there are many other industries
operating in diversified areas of expertise that are also closely related
to the F&F business like packaging, marketing, or retail chain compa-
nies. In its entirety, the global market of F&F is large and has been
continuously growing at good rates over the last decade, featuring an
average growth of more than 5% per year. In spite of the economic
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Fig. 1.1. Evolution of the global F&F market in billion US$ for the period 1980—2010. The average annual
growth rate exceeds nearly five times the corresponding world population growth, which is estimated at 1.1%.
https://www.cia.gov/library/publications/the-world-factbook/geos/xx.html.

and financial crisis of 2008, astonishingly the F&F worldwide market
has more than doubled in the past 15 years, from US$9.6 billion in
1995 to US$22 billion in 2010 as shown in Fig. 1.1 (Leffingwell and
Leftingwell, 2012).

Despite the magnitude of this market and the large number of
companies operating within its frontiers, the fact is that it is mainly
controlled by a restricted group of 10 companies. This is so, because
the dynamics of the F&F industry follows the trend of other
industries where several mergers, acquisitions or market expansions
from the most representative companies (Ziegler, 2007) often occur.
The “big fish” companies dominate a total of 76% of the market share,
and the top five companies (Givaudan, Firmenich, International
Flavors & Fragrances—IFF, Symrise, Takasago) account for more
than 60% alone. A summary of such ranking of F&F companies
is given in Table 1.1. Consequently, it can be said that this is a
closed and strong market that still remains ruled by a small group
of companies, although there are hundreds of other small compa-
nies operating within it. Perhaps it is one of the reasons behind the
secrecy in this industry. To a layman or a regular consumer of per-
fumes, these companies will be mostly unfamiliar since they do not
appear on the shelves of perfume shops or on the packaging of per-
fumes. And the publicity they receive in the media is rare or even
nonexistent. Probably, companies’ names such as Christian Dior,


https://www.cia.gov/library/publications/the-world-factbook/geos/xx.html

A Product Engineering Approach in the Perfume Industry 3

Table 1.1. World Market Share for F&F Business per Company in 2010

(Values in Million Dollars)

Rank Company USS$ Market Share (%)
1 Givaudan 4538 20.6
2 Firmenich 3319 15.1
3 IFF 2623 11.9
4 Symrise 2107 9.6
5 Takasago 1416 6.4
6 Mane SA 643 2.9
7 Sensient Flavors 583 2.6
8 T. Hasegawa 557 2.5
9 Robertet SA 485 2.2

10 Frutarom 451 2.1

Top 10 - 16,722 76.0

All others — 5278 24.0

Total market — 21,999 100.0

Dolce & Gabbana, Estée Lauder, or Hugo Boss will sound more
familiar. However, the fact is that the vast majority of these compa-
nies (which work as brand managers) neither do not produce the fra-
grances themselves nor have perfumers in their staff. In fact, what
happens is that when these brand companies spot a gap in their port-
folio, then they brief the fragrance houses which will develop the per-
fume. Thus, companies like Givaudan, Firmenich, or IFF are not
only global suppliers of fragrances and flavors (including raw materi-
als and active ingredients for perfumes, cosmetics, and foods) but also
manufacturers of perfumes and fragranced products.

Another relevant aspect to be highlighted is the comparison
between the geographical distribution of main F&F companies, as
depicted in Fig. 1.2, with the number of sales. Geographically, the
consumption of products containing either flavors or fragrances is
asymmetric and in line with the socioeconomic development of coun-
tries worldwide. Thus, North America and central Europe are the
gross consumers of such products, contributing to more than 50%
of the worldwide consumption (Leffingwell and Leffingwell, 2012).
They are followed by growing markets like Japan and China, as
presented in Fig. 1.3.
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Fig. 1.2. Geographical distribution of the top 10 F&F companies in the world in 2009: 1. Givaudan; 2. Firmenich;
3. IFF; 4. Symrise; 5. Takasago; 6. Mane SA; 7. Sensient Flavors; 8. T. Hasegawa; 9. Robertet SA; 10. Frutarom.
Adapted with permission from Teixeira (2011). © 2011, M.A. Teixeira.
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Fig. 1.3. World consumption of F&F products in 2010. Adapted with permission from Teixeira (2011). © 2011,
M.A. Teixeira.

After analyzing the F&F market, it is now time to unravel what is
inside F&F companies and what products are derived from them. As
in analogy with the market, the core business of the F&F industry
can be divided into two main groups: fragrances and flavors. While
fragrances are odorous organic chemicals that are used in perfumed
products, flavors are intended for the flavoring of foods and bev-
erages. Most of what we perceive from flavors is due to the olfactory
perception as well, and so these two fields are closely linked. Hence,
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their classification depends whether they are mainly perceived by the
sense of olfaction or gustation. In simple words, whether they are
applied in perfumed or food products, respectively. However, one
should not forget that much of what we perceive by our taste is actu-
ally influenced by what our nose perceives at the same time. Having
said that, sales of fragrances and flavors are nearly equivalent,
although flavors have been gaining little ground during the last
decade. This increasing need for flavors can be explained by the shift
in human lifestyle and philosophy: at the turn of the twenty-first cen-
tury, the trend in consumers started to be oriented toward healthy,
fitness, and diet products (moved by the slogan “you are what you
eat”), and thus pushing the industry toward such products. Within
the markets for fragrances and flavors, it is possible to have trading
of either raw materials (natural, natural—identical, or synthetic) or
blends of them. For their part, blends constitute added-value products
with more market weight. In the field of flavors, aromas are essen-
tially designed for beverages, bakery, savory, and meat products. In
the case of fragrances, the largest application goes to functional per-
fumes designed for everyday use, which should not to be confused
with fine perfumery (luxury products). Examples of such products are
soaps, detergents, toiletries, and household cleaners. However, the
development of fine fragrances, which are more expensive and have
higher added value, is also significant (reaching 21% of the fragrance
market).

1.2 FROM THE IDEA TO MARKET: PRODUCT ENGINEERING

The previous numbers give an idea of the pressure in the F&F industry
to produce more and more profitable fragranced products. In fact,
as happens in many other businesses, profit is the goal. Thus, if the
ideal target would be to create a new and unique piece of art, it is also
true that fragrance houses are often asked to develop a fragrance that
is appealing to all types of people and will return millions of dollars
(Burr, 2008). That explains the importance of product development
departments in this industry. Just as an example, and considering the
exclusive fine fragrance market for 2009, over 1500 new fine fragrances
were released only during that year (compared with less than 50 new
ones, 20 years ago). This quest for novel products is a recent trend that
has been growing over the last decade to fulfill consumers’ needs and
expectations. Currently, it is the market that pulls companies (and their
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product development teams) to overcome barriers and challenges for
the creation of new products. This issue has been explored in a multi-
tude of companies for many years, following a more or less empirical
methodology. Nowadays, it is a subject of its own: what is now called
Product Engineering, product development, or product design
(Charpentier, 1997; Ulrich and Eppinger, 2000; Cussler and
Moggridge, 2001; Mata et al., 2004; Wei, 2007, Wesselingh et al.,
2007; Cussler et al., 2010). Within the chemical business it is called
chemical product design. Books addressing this topic started to show
up in the beginning of the 1990s but until now they are less than a cou-
ple dozens. The most successful so far is probably that of Karl T.
Ulrich and Steven D. Eppinger which is already at its fifth edition
(Ulrich and Eppinger, 2011). In terms of scientific papers, the numbers
are larger, following a similar trend: started with few in the beginning
of the 1990s, but since then they have been increasing as shown in
Fig. 1.4. Probably, it is more relevant to the fact that product design
and development has become a discipline of many curricula of univer-
sity courses. As stated in the 1990s by J. A. Wesselingh, S. Kiil, and
M. E. Vigild, who wrote a book and give lectures on this topic: large
changes were coming in the chemical industry, and that they should be
looking at higher-value (structured) products.

We consider that Product Engineering can be seen as a stepwise
methodology: it starts with the identification of market needs, then their

150
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Number of publications
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Fig. 1.4. Track record of scientific papers with “Product Engineering” appearing in topics published in international
Journals from 1990 to 2010. Scopus, “Product Engineering” in title, abstract, and key words, Date of consulta-
tion February, 2012.
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translation into product specifications (physicochemical properties that
can be measured) which will help generating ideas and, finally, ends up
with the selection of the best ones for the manufacture of the product.
Throughout all this process, it must encompass other relevant topics
like economic evaluations, risk assessment, project management, and
sustainability. At a glance, it defines the “how,” “when,” and “where”
a new product should be developed and launched into a market. This
perspective is shared by several authors in the literature as well. Cussler
and Moggridge (2001) consider that Product Engineering emphasizes
decisions made before those of chemical process design, a more familiar
topic for chemical engineers. Moreover, according to Ulrich and
Eppinger (2011), Product development is the set of activities beginning
with the perception of the market opportunity and ending in the produc-
tion, sale, and delivery of a product. In our opinion, the picture of
Product Engineering (or product design and development) drawn by the
different authors looks very similar because they share the same funda-
mentals. Of course, small differences arise as different authors give
emphasis to different aspects of the development process. But the indus-
try itself is not away from these approaches: a similar stepwise frame-
work, widely used, is the Stage-Gate™ Product Development Process
(SGPDP). It is based on what the industry project teams do better and
applies those product design strategies based on decision analysis to the
development of novel products (Cooper, 2001; Seider et al., 2010).
Having said that, should we be able to apply the fundamentals of
Product Engineering to the F&F business? F&F companies are no
exception on this matter as they are consumer products companies (e.g.,
Johnson & Johnson or Procter & Gamble, among many others).

In fact, Product Engineering has everything to do with the countless
fragranced products we contact everyday. These may have different
properties and functions (e.g., detergents, shampoos, creams, candles,
and perfumes) but the incorporation of fragrance ingredients is intended
to instill a pleasant and harmonious odor to the product in which it has
been incorporated. However, developing a fragrance is a complex and
long process that starts in the brief, a brainstorming meeting of the
different people involved in its formulation. At that point, many charac-
teristics of the perfume are defined: who the perfume should appeal to
and why, what the scent should say to the contractor (if one exists) or,
ultimately, to the consumers, what forms the fragrance will take (e.g.,
spray, parfum, eau the toillete, after-shave, and soap), where and for
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how long the product will be sold (e.g., Europe or America, one or two
years), among many other questions. The answers collected from the
brief will define the customers’ needs, how will they influence the ideas
to be generated, and the selection of fragrance ingredients from the
F&F company for the manufacture of the target product. In short, the
brief is a creative and detailed definition of what the new fragrance is
supposed to be. The parallelism with the Product Engineering frame-
work, based on the needs—ideas—selection—manufacture, is evident.
Today, the “secret formula” of a perfume is idealized by perfumers,
experts with a high level of experience in the perception of scents (detec-
tion and recognition) as well as in the art of creating accords and per-
fumes. A perfumer can be viewed as a sommelier who has no difficulty
in discriminating between aromas and notes in the bouquet of a red
wine. Perfumers select the ingredients to be used and define their pro-
portions based on their expertise. Their selection depends on the theme
of the fragrance house they work for or the consumer desire, and may
include fragrance ingredients from different sources (natural, synthetic
or natural—identical fragrance ingredients, or essential oils). From
that point, the mixing of the ingredients can be performed in assembly
lines controlled by laboratory technicians. Nevertheless, in the end,
the final formulation will have to rest and age in tanks for several
weeks in what are called the maceration and maturation processes
(Lopez-Nogueroles et al., 2010).

However, different types of fragrances are formulated for different
types of applications or end-use products and not only for the exclusive
fine fragrance market. For example, the incorporation of a fragrance
in a dishwasher detergent is expected to produce a fresh scent when
opening the washing machine and at the same time it is engineered not
to leave residual odors on the surface of plates (something complex to
achieve from the surfactants perspective). Furthermore, it is known
that a fragrance, when incorporated in a product base (e.g., glycerin,
which is the main base for soap), may produce an unexpected behavior
in terms of perceived odor, stability, or color (among others). These
phenomena cannot be solved simply from art and common sense. It
requires knowledge from different scientific fields which should be
combined in order to understand the interactions within a product.
That is what Product Engineering is about. In fact, companies produc-
ing fragranced products have top quality scientists in their staff and
use sophisticated analytical tools in their laboratories. Still, the design
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of fragrances remains mostly empirical, based on the experience and
know-how of perfumers. Carles (Carles, 1962) stated 50 years ago that
most of the greatest and commercially successful perfume creations were
produced by serendipity, sometimes to the unfeigned surprise of their
authors. But although the technology and the knowledge has evolved,
perfume creation is still an art, before being a well-defined science. For
example, the perfume “Bois de Paradis” launched in 2005 and devel-
oped by Michel Roudnitska took more than two years and nearly 300
formulation trials until he got the desired scent. Another example is the
“Tommygirl” fragrance designed by Calice Becker which took change
for 1100 iterations until arriving to the market (Wolfson, 2005). Such
facts make us realize that it is undisputable that, from the economical
perspective of the business, this is undesirable. However, the develop-
ment of a perfume is not like the manufacture of a car. Although the
latter may take two to four years to reach the market (from generating
the original idea to its materialization), it has high technological features
under its hood that are improved year after year. On the other hand, a
new fragrance may seem to be “simply” a mixture of N fragrance ingre-
dients, solvents, stabilizers, antioxidants, UV filters, coloring agents,
among others (despite it is also tailored to the client wishes). Once on
the assembly line, a car takes somewhere from one to two days until it
is finished. A perfume, for its part, may take weeks or even months due
to the need for maceration and maturation processes (Calkin and
Jellinek, 1994; Curtis and Williams, 1994). Consequently there is no
doubt that a significant part of the knowledge on F&F remains under
wraps, mainly due to the powerful and closed market of big companies,
which consequently leads to secrecy. Nevertheless, the importance of
enhancing scientific knowledge in an area like F&F with direct applica-
tion in the development of products for the consumer is especially rele-
vant for two reasons: (i) the number of fragrance ingredients is in the
order of thousands (and increasing) which makes an almost infinite
number of possible formulations for different applications and, thus, a
corresponding number of trial-and-error evaluations and (ii) it is still
dependent on the high skills and expertise of the perfumers.

Thus, the application of Product Engineering to F&F has the
crucial objective of implementing technical and scientific knowledge
into a so far empiric and experimental area. That is what we call
Perfume Engineering: a research line developed in our laboratory
for more than a decade and combining different scientific fields:
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Perfume
Engineering

Transport Psychophysics
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Fig. 1.5. Our vision of what is Perfume Engineering: the integration of concepts from different fields
( Thermodynamics, Transport Phenomena, and Psychophysics) in order to improve the design and development of
new perfumed products. Adapted with permission from Teixeira (2011). © 2011, M.A. Teixeira.

Thermodynamics, Transport Phenomena, and Psychophysics into a
common product—fragrances. A graphic representation of this idea is
shown in Fig. 1.5. Perfume Engineering, as we will see it, aims at
reducing the time needed for the design of perfumes and fragranced
products in the preformulation step and the reduction of the consump-
tion of raw materials. Altogether, that will contribute to decrease the
production costs. How we propose to do this will be explored
throughout this book.

At this point, it is important to summarize the perspective of the
authors for the process of odor perception of perfumed products.
We consider that the starting point of this phenomenon is at the bulk
of the liquid mixture of fragrance ingredients. That means the selection
and composition of fragrances, which are the variables the perfumer
can control, and the chemistry within them. From that mixture,
fragrance ingredients are being released into the air above it, and later
are perceived with some odor character and intensity. This sequence
of processes can be depicted in the four steps shown in Fig. 1.6.

In this way, the starting point are the fragrance ingredients and
solvents mixed within a homogeneous liquid solution of known molar
compositions (x;) which can be sprayed on the skin or clothes by
customers; after application of the product, the process of perception
by customers proceeds as follows: (i) the different fragrance chemicals
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® Odor character

Headspace

Psychophysics
@ Odor intensity

@ Perfume diffusion
Chemical
Engineering

Liquid phase @ Perfume evaporation

Fig. 1.6. The process for perception of a perfumed product, divided into four steps: the evaporation of the
fragrances used in the formulation, their diffusion through the surrounding air, and when the olfactory system
is reached, the perception of the odor intensity, and the character of the mixture. The first two steps belong to
the Chemical Engineering area of knowledge, while the two other steps belong to Psychophysics. Adapted with
permission from Teixeira (2011). © 2011, M.A. Teixeira.

begin to evaporate into the headspace, although at different rates
depending on their volatility, composition, and molecular interactions;
(i1) subsequently, the gas odorant molecules will diffuse through the
surrounding air over time and distance; and (iii) finally, at a given time
and distance, some of the fragrance molecules will eventually reach the
nose of the customer who will perceive the odorants with a certain
intensity and character.

Our approach combines different scientific tools within Perfume
Engineering: steps (i) and (ii) are within Chemical Engineering and,
more specifically, deal with Thermodynamics and Transport Phenomena.
On the other hand, step (iii) makes part of Psychophysics, a science
within psychology that deals with the mathematical relationships between
perceived sensation and its stimulus magnitude. Altogether, different
models can be used in each step for the description of the corresponding
phenomenon (the perfumed product can be a liquid, a solid, a gel, and
fragrance propagation through air can be governed by molecular diffu-
sion or convection). This will allow mapping the perceived odor from a
mixture of fragrance ingredients. In the next chapters, this model for the
perception of odors elicited from perfumed products will be explained,
presenting some details about its validation and application to develop
other tools for the F&F industry.

From Fig. 1.6, we see that in the four steps within our perception
model, it is possible to take some assumptions and use different
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Table 1.2. Different Models for Each of the Four Steps Within Our Methodology

for Odor Perception

Perfume Evaporation Perfume Diffusion Odor Intensity Odor Character
Ideal Fick Law Odor Value Stronger Component
Power Law Vectorial
Nonideal Maxwell—Stefan Weber—Fechner U and UPL2
Beidler Additivity
Further details on the definition and application of these models will be discussed throughout the chapters.

approaches for each of the underlying processes, as summarily pre-
sented in Table 1.2. Throughout Chapter 2, we will address fragrance
evaporation and perceived odor intensity, by showing the relevance of
the assumptions made in each one, together with the challenges result-
ing from them. Then, in Chapter 3, we will evaluate the performance
of fragrances by including the diffusion of volatiles in air through time
and space. In Chapter 4, we will address the quality of the perceived
odor by predicting the classification of perfumes into olfactive families.
Finally, in Chapter 5, we will post some new trends and hot topics
that are expected to lead the way in the fragrance business in the near
future.
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In this chapter, the Perfumery Ternary Diagram (PTD®) methodology
is presented as a tool for the prediction and mapping of the odor
character of ternary to quaternary mixtures of fragrance ingredients
(Mata et al., 2004, 2005a,b,c; Mata and Rodrigues, 2006; Gomes
et al., 2008). To present this methodology, the effect of different base
notes in simple fragrance mixtures of the type (top note + middle
note + base note and/or + solvent) will be studied to illustrate the
potential of this tool. In this study, the selected base notes were three
ingredients commonly used in perfumery: vanillin, tonalide, and galax-
olide. Moreover, as a proof of concept, the PTD®™ predictive tool is
experimentally validated using headspace gas chromatography (GC)
techniques.

The PTD" is further extended to the Perfumery Quaternary—Quinary
Diagram (PQ2D™) methodology. This novel tool can be applied to
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quaternary and quinary fragrance systems for the prediction of their
headspace odor character and odor intensity using three-dimensional
tetrahedric diagrams. The effect of the base note on the perceived
odor space will be evaluated with some examples of quaternary
mixtures of the type (limonene + geraniol + base note + ethanol).
The PQ2Ds of these perfumery systems showed different headspace
odor qualities, depending on the base note, thus confirming some
perfumery evidences. The PQ2D® methodology is also applied to
quinary systems (limonene + geraniol + vanillin + tonalide + ethanol)
to evaluate the effect of different concentrations of the fixative
(tonalide). Other quinary systems are also presented to evaluate the
influence of water on perfume formulation. The perceived odor
in the headspace is then compared with that of the corresponding
quaternary mixtures (concentrated mixture, without water). Finally,
a last effort was put on the graphical representation capabilities of
the PQ2D® methodology which was extended to incorporate octonary
mixtures with two top, middle, and base notes and two solvents.

2.1 THE PERFUMERY TERNARY DIAGRAM

In the beginning of the research line on Perfume Engineering at our
laboratory, one important question that we wanted to answer was
raised: when several fragrance ingredients are mixed together (like in a
perfume), what will its perceived smell be like? In fact, when holding
soap in hand, we may question ourselves why this product smells so
good? We know that fragranced products are, as we said before, the
result of the vast knowledge and expertise of perfumers. Nevertheless,
in a world that avidly seeks for answers to every new scientific fact, it
makes sense to question the way a perfumed product is perceived by
us. Indeed, these are big questions for the perfume business as well: a
perfume is a combination of many fragrance ingredients, often in the
order of 50—100. Very few perfumes come to the market with less than
30 fragrance chemicals in their formulation (Angel from Thierry
Mugler is a rare example). Yet, fragrances for cleaning products or toi-
letries are often much simpler in composition. Of course, apart from
the fragrances, other types of components are also included in the formu-
lation (solvents, stabilizers, colorants, and UV filters), but fragrance
ingredients are the responsible for the smell, which is the core of the
product.
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The path to answer the above questions was sketched at the end
of Chapter 1 with the methodology we have developed to model and
predict odor perception. But, which would be the best way to show the
perceived odor to the people involved in the formulation of a perfume?
It was important to develop a tool that would be able to present the
answer in a suitable and understandable way — that was the PTD™.
The PTD® methodology started to be outlined in the year 2003 and
came to light in an article published in 2005 (Mata et al., 2005¢). In a
glimpse, the PTD®™ is a graphical software tool for the prediction
of dominant odors as perceived by humans for any possible ternary
mixture of fragrance ingredients. The development of this idea started
with the symmetry between the pyramidal perfume structure proposed
by Carles (1962) and a typical ternary diagram, often used in engineering.
Such symmetry is shown in Fig. 2.1. Ternary diagrams are commonly
used in different fields of Chemical Engineering (e.g., Thermodynamics
for phase equilibria, process separation design). The diagram represents
the compositions of three components as defined by its edges, so each
vertex stands for a pure component (100%), while the opposite side means
the lack of that component (0%) (Perry, 1997).

In the last century, the famous perfumer Carles (1962) stated that a
well-structured perfume must be the combination of top, middle, and
base notes. Top notes are the most volatile fragrances, which are per-
ceived right after the application of the perfume and can last for several
minutes. Middle notes are less volatile, and so should be more strongly
perceived after top notes faded away, lasting for few hours. Finally,
base notes are the less volatile, being more strongly perceived after the
middle notes have disappeared and lasting many hours or even days.
Carles ordered these notes in a pyramid with different layers as in the
top-left part of Fig. 2.1, where each section also represents the “recom-
mended” proportions in their combination: top (15—25%), middle
(20—40%), and base, (45—55%). He postulated that these proportions
were responsible for the tenacity of the perfume, in other words, the bal-
anced evolution of the odor during evaporation. Accordingly, the
PTD® mixes both concepts, placing a top, a middle, and a base note at
the vertices of the triangle. The points inside the triangle represent all
possible ternary mixtures. In this way, it is feasible to map in the dia-
gram the regions (composition ranges) where each fragrance ingredient
or note have the dominant odor among all of them, if we are able to cal-
culate the odor intensity for each of these mixtures. It should be noted,
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Fig. 2.1. Relationship between the pyramid structure of a perfiume (top left) and the engineering ternary diagrams
(top right), resulting in the PTD®. In the PTD™ different zones represent the dominant perceived odor from the
ternary mixture. Adapted with permission from Teixeira (2011). © 2011, M.A. Teixeira.

at this point, that depending on the selection of components and their
solubility, there may be some compositions that do not satisfy a homo-
geneous liquid solution (a requisite for a perfume).

Each single point inside the ternary diagram represents a unique
ternary mixture of the type A + B + C (where the sum of their fractions
must be equal to unity). Consequently, it is possible to study perfume
formulations of the type (top + middle + base notes), as expected for a
perfume concentrate.

2.1.1 Odor Intensity Model
At this point, we are interested in predicting or calculating the perceived
odor character of each single point (equivalent to each single mixture)
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within the ternary diagram. In order to do so, an odor intensity model is
required to calculate the perceived magnitude of odors from the
vapor concentrations. There are several such models derived from
Psychophysics for single components like the Weber—Fechner Law,
Stevens” Power Law, Odor Value (OV) concept, Beidler model,
Laffort model, among others (Miiller et al., 1993; Cain et al., 1995;
Teixeira et al., 2010). In this book, we will adopt the concept of OV
and the Power Law (V) (Stevens, 1957; Calkin and Jellinek, 1994).
Some authors use the term Odor Activity Value (OAV) which is
equivalent to the OV. For its part, the OV is a quantitative parame-
ter that defines the odor strength (or odor intensity) of an odorant
species i as the ratio between its concentration in the headspace, C¥,
and its odor detection threshold in air, ODT; (Calkin and Jellinek,
1994; Zwislocki, 2009; Ohloff et al., 2012). The term headspace is
used to represent the gas phase (air) above a mixture of fragrance
raw materials (Calkin and Jellinek, 1994; Curtis and Williams, 1994;
Ohloff et al., 2012). The equation is as follows:

ce
V=
OVi= opT,

(2.1)
In the case of the Power Law, the relationship is raised to power

exponent and defined as:
Cg n;
LD,' = ! .
(ODT) 2)

where C? is the concentration of the odorant in the gas phase and
ODT,; is its corresponding odor detection threshold in air (both using
units of mass or mol per volume). The parameter n; is the power law
exponent for each odorant.

The ODT represents, in simple terms, the minimum concentration
of an odorant that can be perceived by the human nose. A more
systematic definition is reported by the ASTM (Method E 679-91)
which defines the ODT as the concentration of an odorous compound at
which the physiological effect elicits a response 50% of the time (Mayer
et al., 2005). There are different types of odor thresholds (detection,
recognition, terminal, difference) which we will not discuss in detail
here, but we encourage the interested reader to see the references in the
literature (Hau and Connell, 1998; Cain and Schmidt, 2009; Teixeira
et al., 2011a,b). Nonetheless, the most important ones are the detection
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(ODT,) and the recognition (ORT),) thresholds (the latter represents the
minimum concentration for the recognition of the smelled odorant).
We consider the ODT far more reliable than the ORT and thus,
the former is selected to be used in our studies. Extensive compilations
of odor threshold values can be found in the literature for odorant sub-
stances in air, water, and other media (Patte et al., 1975; Calkin and
Jellinek, 1994; Nagata, 2003; van Gemert, 2003; Leffingwell and
Leffingwell, 2012). However, care must be taken when using odor
thresholds, especially concerning to the experimental technique, meth-
ods, and equipments used, room conditions and panel composition,
and statistical data treatment. As a result, despite the vastness of odor
threshold data available in the literature, their experimental measure-
ment is difficult, time consuming, and labor intensive. It is no surprise
that it inherently presents a large variability between laboratories and
over the years, mainly because this parameter has a large physiological
variability (Cain and Schmidt, 2009; Teixeira et al., 2011a).
Consequently, experimental threshold data should be used with a criti-
cal eye. Nevertheless, their application and relevance is widely recog-
nized and odor thresholds are applied in a multitude of fields (AIHA,
1989; Cain and Schmidt, 2009).

Recalling Eq. (2.1), it results that the OV is a dimensionless param-
eter (because both variables must have the same concentration units
despite their selection is arbitrary, e.g., g/m?). It defines the potency of
an odorant in a very simple way. Additionally, the above definition
shows a linear relationship between the stimulus magnitude and its per-
ceived sensation. Hence, if the odorant concentration in the headspace
is multiplied by a factor of two, the magnitude of the OV will double.
In the case of Eq. (2.2), it is seen that the Stevens Law presents a linear
relationship for low odorant concentrations (near threshold and when
the exponent equals unity) but then approximates to a plateau at high-
er concentrations (mostly because odorant exponents are generally
below unity). This equation can be plotted in a log—log scale to obtain
a linear relationship between a stimulus and its perceived sensation,
where the slope equals the exponent # and the intercept is a function
of the odor threshold, as presented in Fig. 2.2.

Although the OV may be a rough approximation to the real
phenomenon of odor quantification, we will also see that when incor-
porated in the PTD®™ it is able to give a good perspective for the
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Fig. 2.2. Relationship between the perceived intensity and the odorant concentration for different exponents using
the Stevens’ Power Law (limonene, n = 0.37, ethanol, n = 0.58, butylamine, n = 1.04, sucrose for taste, n=1.33).
In olfaction, the majority of the odorants generate power functions with exponents smaller than unity, and for
the compilation of 213 data from Devos et al. (2002) the most frequent value was equal to 0.35. Adapted with
permission from Teixeira (2011). © 2011, M.A. Teixeira.

qualitative odor perception. From simple inspection of Eq. (2.1), it is
clear that only the volatiles with an OV higher than unity will be
detected by the human nose (suprathreshold), while values below unity
will be too diluted to be detected (subthreshold).

2.1.2 Vapor—Liquid Equilibrium

Yet, as we know, a perfume, no matter how simple it is, will always be a
liquid mixture of N fragrance ingredients. Consequently, the smell we
perceive above the liquid is not a single odorant only, rather a complex
mixture of them with different concentrations and odor intensities. In
order to model the molecular interactions between those and to evaluate
that behavior, some basic Thermodynamics can be used. The composi-
tion of the different fragrant chemicals in the gas phase above the liquid
(headspace) can be calculated from a modified Raoult’s Law for
vapor—liquid equilibria (VLE), as presented in Eq. (2.3).

where y; and x; are the vapor and liquid mole fractions of component
i, while ¢; and ~; are the vapor and liquid activity coefficients of
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component i, respectively. P represents the total pressure and P is
the saturation pressure of pure component i. At atmospheric pressure,
ideal gas behavior can be assumed so that Eq. (2.3) can be simplified
by considering ¢;=1. Consequently, the concentration of odorant
species in the headspace (Cf) can be calculated from Eq. (2.4).

Cg _ y,'M[P _ P?a,M,'

where M; is the molecular mass of component 7, R is the universal gas
constant, and 7 is the absolute temperature. Combining the definition
of OV, previously presented in Eq. (2.1), with Eq. (2.4), it is possible
to express the OV of each fragrant component by the following

equation:
P M; 1
i = VX ! ! g— 2
OVi=x <0DT,~> (RT) @)

It should be highlighted that the composition in the liquid mixture
(x;) appears in Eq. (2.5) and that is the variable that perfumers can
control when designing their fragrances. As a result, it is possible to
calculate the odor intensity of fragrance chemicals from pure compo-
nent data (composition in the liquid phase, molecular weight, saturated
vapor pressure, and odor detection threshold) together with the activity
coefficient. However, some implications regarding activity coefficients
must be clarified. First, let us attempt to describe what it represents: it
is a “virtual” measure of the molecular interactions occurring between
molecules within a mixture (between fragrance ingredients themselves
and between those and solvents as well). In simple terms, it accounts
for deviations of the liquid phase from ideal behavior, reflecting the
affinity of each molecule with its surrounding medium (Poling et al.,
2004). Recalling Raoult’s Law, both gas and liquid phases are assumed
as ideal, so ¢, =~; =1, as shown in Eq. (2.6).

yiP = x;P" (2.6)

Comparison of Eqgs (2.3) and (2.6) shows that «; can be understood
as a measure of the tendency of a fragrance i to be “retained in” or
“pushed out” of the perfume. Thus, if ;> 1, the fragrant component i
will be more pushed out from the solution into the gas phase (and so
the headspace concentration will be higher than for an ideal solution),
while ;<1 expresses that it will have more tendency to stay in the



Design of Perfumes 23

liquid solution due to a higher affinity with the surrounding medium
(and consequently lower concentrations of that odorant species will be
found in the headspace) (Mata et al., 2005b).

Activity coefficients can be calculated from rigorous experimental
VLE data, or from thermodynamic models such as NRTL (Renon and
Prausnitz, 1968), or UNIQUAC (Abrams and Prausnitz, 1975). They
can also be predicted using methods like UNIFAC (Fredenslund et al.,
1975; Poling et al., 2004), ASOG (Tochigi et al., 1990), COSMO-RS
(Klamt, 2005), or Molecular Simulation techniques (Panagiotopoulos,
1992; Gubbins, 1994). Here, we will use, in a first approach, the
original UNIFAC method for prediction of the VLE and the activity
coefficients of fragrance components. The need for activity coefficients
lays in the nonideality of fragrance mixtures: fragrance molecules often
involve the presence of many different functional groups, and conse-
quently many different types of interactions are in play. Neglecting
the nonidealities (i.e., direct use of Eq. (2.6)) means that a linear rela-
tionship between liquid and gas phase concentrations is assumed for
the whole concentration range. Such linearity can be misrepresentative
of the reality in many cases.

2.1.3 Odor Quality Model

Going back to Eq. (2.9), it relates the OV of a fragrance (which is a
measure of its odor intensity) to its concentration in a liquid mixture.
At this point, we just need to model the character of the olfactory
perception of all odorants present in the mixture from their odor inten-
sities. We can achieve that using the Stronger Component (SC) model:
it is an approximation to the human odor recognition, which defines
that within a mixture of odorants the one that will be more strongly
perceived and recognized is the one having the highest OV (Laffort
and Dravnieks, 1982; Cain et al., 1995):

OVyix =max{OV;}, i=1,...,N (2.7)

The use of the SC model to account for the odor intensity and
quality of mixtures of odorants presents several advantages in compari-
son with others like the Vectorial model, U model, UPL2 model,
Additivity model, or the Euclidean additivity model (Laffort and
Dravnicks, 1982; Cain et al., 1995; Teixeira et al., 2011a). This is a
rough and simple model, once it does not reflect common observations
in olfaction like weaker odors being able to increase or decrease the
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intensity of a strong odor (called odor enhancement). It is an easy
method for the prediction of odor intensities of mixtures and gives some
assurance that the intensity of a mixture will not be grossly larger than
the odor intensity of its strongest odorant. Some authors reported that
from experimental data it was also verified that this model inhibited any
odorant intensity additivity effect (as expected due to its definition—
Eq. (2.6)), avoiding overprediction of intensities and resulting in a quite
robust model (Laffort and Dravnieks, 1982). Nevertheless, when experi-
mental data are fitted to the SC model, reasonable results are obtained.
Moreover, the SC model compares reasonably well to more complex
models (Laffort and Dravnieks, 1982; Cain et al., 1995). There are sev-
eral comparisons of odor perception models available in the literature:
all of them show that the SC is the second or third best model in correla-
tion with olfactory panelists’ evaluations, while the best model clearly
differs from experiments to experiments (Laffort and Dravnieks, 1982;
Cain et al., 1995). Finally, it has the advantage of allowing the calcula-
tion of the odor intensity but also the odor character (the dominant
smell) for a mixture of odorants.

Following this line of thought, if we consider a ternary fragrance
mixture (e.g., a simple perfume concentrate), Eq. (2.7) reduces to
Eq. (2.8):

OV ix = max{OV,, OVg, OV} 2.8)

where subscripts represent A—top note, B—middle note, and C—base
note. If a solvent is incorporated in this mixture, Eq. (2.7) can be
rewritten as Eq. (2.9):

OVmix = max{OVA, OVB, OVC, OVs} (29)

where subscript S represents the solvent. This particular case is for
a quaternary mixture (e.g., diluted fragrance), which simulates a more
realistic perfume formulation. But as the PTD® works with three
components, it is necessary to recalculate the mole fractions of the fra-
grance components. For such a four component system, pseudoternary
compositions have to be defined using compositions in a solvent-free
basis, as follows:

’ XA ’ XB / XC
XA + xg + Xxc XA + Xxg + Xc XA T XB + Xc
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where x’ indicates a pseudoternary composition for each of the three
fragrant components (A, B, C) in the quaternary system (A, B, C, S).

2.1.4 Construction of the PTD®

But how do we build and interpret the PTD®? The information we
want to show in the PTD™ is the mapping of the perceived dominant
odor of all possible ternary mixtures for some selected fragrance ingre-
dients. From the definition of the OV (Eq. (2.1)) and considering all
possible ternary mixtures within the PTD®, it is expectable that there
will be some ranges of compositions (areas inside the triangle) where
one fragrance component will dominate the overall odor intensity.
These compositions define what is called an odor zone and where the
following relationship is valid:

OV; = OVpax >0V, (2.11)

where j is any other component in the mixture different from i. Figure 2.3
shows the PTD® for the ternary system of limonene + geraniol + galaxolide
with different odor zones represented (Teixeira et al., 2009). The green
region (squares) indicates the mixture compositions for which limonene
has the maximum odor intensity and, thus it is the dominant odor.

Limonene
0g1

Geraniol 0

Fig. 2.3. PTD™ for the ternary system limonene + geraniol + galaxolide considering nonidealities in the liquid
phase. The colors distinguish the regions (compositions) with different dominant odors. These regions are separated
by lines, the so called PBL. Adapted with permission from Teixeira et al. (2009). © 2009, John Wiley & Sons.
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Similarly, the pink (triangles) and yellow (circles) regions denote the
compositions for which geraniol and galaxolide, respectively, are
the dominant odors. As it can be seen in the diagram, three different
odor zones can be distinguished where the aforementioned relationship
can be summarized as:

PA—The dominant odor is limonene (top note): OV . = OVa.
Pp—The dominant odor is geraniol (middle note): OV .« = OV3.
P-—The dominant odor is galaxolide (base note): OV ., = OVc.

Also shown in Fig. 2.3 are three important lines (4D, BD, CD) that
represent the limits of the odor zones and are called perfumery binary
lines (PBL). In such lines, the maximum odor intensity is shared by two
components and their calculation is critical for mapping the PTD®.
Another singular point in the PTD® is point D: a single ternary compo-
sition where three PBLs intersect. It is called the perfumery ternary
point (PTP) and for that specific composition, the three components
share the maximum odor intensity. If a solvent or other fragrance ingre-
dient is introduced in the mixture, there may be compositions where
three fragrance components will share the same OV, though this will be
lower than the one for the fourth component. This is simply called a
ternary point and is of value when the same olfactive target is obtained
for all the fragrance ingredients but the solvent odor intensity prevails
(Mata et al. 2005c).

The simplest approach for the construction of the PTD® is the
application of Egs (2.5) and (2.7) to a given set of compositions. That
would provide the dominant odor for those compositions. However,
for practical reasons it is better to calculate the limits of the odor zones
that is the PBLs and PTPs mentioned above.

In order to obtain the compositions of the PBL between two given
components i and j, it is necessary to solve a system of two equations
with some constraints:

oV, =0V, (2.12)
3

> xi=1 (2.13)
i=1

with the following constraints:
{OV;,0V;} >0V, Vi, j#k (2.14)
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Table 2.1. Conditions for the Determination of PBL

{OV; =0V} = OVinax
0<x<l

Type I Type 11 Type III

i+j i+k k+j
OV;=0V; OV, =0V, OV, =0V;
Xitxi+x=1 Xitx+ =1 X+ X+ x=1

{OV; =0V} = OVinax
0<x<l

{OV=0V;} = OVpnax
0<x<l

Adapted with permission from Teixeira (2011). © 2011, John Wiley & Sons.

where subscripts i and j stand for the two components of the PBL.
The procedure must be repeated for all possible pairs of components.
For this typical ternary system with three fragrance notes (top, middle,
and base notes), there are three possible PBLs.

Table 2.1 presents the conditions for their determination in the
ternary system. In general, for a perfumery system with N components,
there will be CY possible combinations of PBLs. As said before, there
are also some composition points where two fragrance components
share the same OV but that is lower than the maximum OV of the
mixture, i.e., OV; =0V, <OV, (for i, j=A, B, C, S) (Mata et al,,
2005¢; Mata and Rodrigues, 2006).

The calculation of the PTP is the extension to three components
of the previous analysis. Considering a PTP between components i, j,
and £, it is determined by solving a system of equations:

OV, =0V, =0V, (2.15)

-

xi=1 (2.16)

i=1

In general, for a perfumery system with N components, there will
be C possible combinations of PTPs. In the ternary system evaluated
here, there will be only one possible type of PTP. It defines the specific
composition of the mixture where the top, middle, and base notes
share the maximum OV (OV,,,,) of the mixture. As the reader may
understand, the odor of such a mixture is different from the individual
components alone, because there will be a mixture of perceived
odorants with indistinguishable intensities. More details on these
calculations have been given in previous articles of the group (Teixeira
et al., 2009, 2010).
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2.1.5 The Relevance of the Activity Coefficient ()

Before getting into details with the application of perfumery systems
using the PTD®, we will make a brief parenthesis here to discuss one
important topic that must be addressed. From inspection of Eq. (2.5),
one of the parameters presented there is the activity coefficient (v;)
which can be estimated using the well-known UNIFAC method
(among others), as aforementioned. The calculation is straightforward,
but tedious, especially if you have endless possible mixtures. So, how
important is it for the estimation of odor intensity? From a theoretical
point of view, it is necessary, considering the variety of functional
groups present in fragrance molecules (not to mention the use of polar
solvents). But may it be questioned from a perfumery (and qualitative)
point of view?

The classification of single fragrance chemicals can be done in terms
of their volatilities (top, middle, base notes). However, when diluted
in a mixture, the behavior of a fragrance, and consequently its OV,
is also a function of its interactions with the other chemical species
present in the solution. These interactions are due to differences in
molecular size and in a great extent to energetic interactions (London
forces, interactions produced by aromatic rings, dipoles, hydrogen
bonding, among others) (Poling et al., 2004). As mentioned before, the
affinity of a molecule for its surrounding medium can be measured
using the concept of the activity coefficient, v. Behan and Perring
(1987), showed the large differences that can be observed in the activity
coefficient of benzyl acetate (i), heptan-2-ol (j), and limonene (k) when
they are diluted in different solvents like water (high polarity), an
aqueous surfactant, or diethyl phthalate (DEP—a moderately polar sol-
vent). In the case of a DEP solution, all fragrance solutes presented rel-
atively low values for the activity coefficient (v;=0.3; ~;=2.2;
~vx = 2.3), while moderately high values were observed in the aqueous
surfactant (v;=75; ~;=57; v =732), and very high values in
water (y; = 1750; ;= 2770; ;> 70,000). The exceptionally high value
of limonene activity coefficient in water means that its nonpolar
molecules do not tend to participate in any interactions with water.
Consequently, limonene molecules will tend to leave the liquid mixture
into the gas phase, thus increasing limonene headspace concentration
and its perceived odor. This shows why molecular interactions and
activity coefficients are very important topics inside perfumery, and
more specifically in perfume formulation and odor performance, once
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the quantity of alcohol, water, or other solvent/cosmetic base can largely
influence the headspace concentration above the liquid.

However, it should be pointed out that although the vapor compo-
sition of a fragrance mixture may significantly deviate from ideality
(which means neglecting activity coefficients, v=1), in terms of the
perceived odor it may not change much. At first sight, this may look
controversial, but let us explain why. If we look at Eq. (2.5) for the
calculation of OV, we see that the composition in the liquid phase (x;)
appears in the numerator and is multiplied by the activity coefficient
(7v,). It is often observed that a high dilution factor of a solute within a
mixture (x;—0), causes a significant deviation from ideality (vy; largely
deviates from unity). Conversely, when a component is present in high
concentration (x;— 1), the system tends to behave like an ideal one, so
the activity coefficient approximates to unity (7;,—1). A comparison
between the variation of the odor intensity (in terms of OV) for the
ideal and nonideal solution (using the UNIFAC prediction) of a binary
mixture of limonene + geraniol is shown in Fig. 2.4,

It is clearly seen that the behavior of this binary system deviates
from ideality, and so does the predicted OV for each of the fragrance
ingredients. However, it is also seen that, from an odor quality per-
spective, the point where the dominant odor changes from limonene to
geraniol (or the opposite) occurs for a similar mixture composition
(XGer =~ 0.4). In this way, a prediction of the dominant odor as well as

8000
—o— Non-ideal limonene
—a— Non-ideal geraniol
—— ldeal limonene D
——— l|deal geraniol
6000 - 9

- o
3 4000+

2000 4

0.0 0.2 0.4 0.6 0.8 1.0
XGer =1- XLim

Fig. 2.4. Variation of OV for binary mixtures of limonene and geraniol. Comparison between ideal model (1) and
nonideal model (NI).
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the perceived odor for the mixture near the switching point (grey
band) is very similar considering both the ideal and the nonideal
approaches. However, nonidealities may have greater implications on
diluted mixtures of fragrances in different types of solvents. For that
purpose, a comparison is made in Fig. 2.5 between ideal and nonideal
mixtures of the type (limonene + geraniol + galaxolide + ethanol) with
and without solvent.

If the behavior of the ternary mixtures in Fig. 2.5 (top diagrams)
is similar when considering the ideal and nonideal approach, the same
does not happen for diluted mixtures (Fig. 2.5, bottom). When ethanol
is incorporated in the solution, it is seen that the ideal and nonideal
predictions are clearly different. According to the nonideal prediction,
limonene is much more pushed out from the mixture, and so it is more
strongly perceived (thus its odor zone is larger). Furthermore, when
the ideal approach is considered there is a small odor zone for ethanol
in the middle of the diagram which is not detected when nonidealities
are considered. Such behavior has been seen for other perfumery sys-
tems as well, showing that for multicomponent mixtures, especially
those diluted, the effect of nonidealities is of relevance.

IDEAL NON-IDEAL

oV, Limaonene Limonene
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4 Geraniol
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Fig. 2.5. Effect of nonidealities in the perceived odor character mapped in the PTD™ for ternary (top) and quaternary
mixtures (Xs = 0.5, bottom). Left diagrams are for ideal and right diagrams are for nonideal mixtures. PTPs (PTP, *)
and Ternary Points (TP, o) are represented. Adapted with permission from Teixeira et al. (2009). © 2009, John
Wiley & Sons.



Design of Perfumes 31

A different thing is the quantitative prediction of the odor intensity
of mixtures. Should the inclusion of nonidealities in our modeling
be of significant importance in the prediction of odor intensities for
perfume mixtures? In order to assess that effect, we have compared the
distribution of OVs for all possible ternary and quaternary (diluted)
mixtures of the previous perfumery system. The predicted planes of
dominant OVs for such mixtures are presented in Fig. 2.6 for the ideal
(left) and nonideal (right) cases.

It is possible to see that for ternary mixtures (bottom PTD of the
triangular prisms), there are only slight differences in the prediction of
the odor intensities using both the ideal and the nonideal approaches.
However, when ethanol is included in the mixture, larger differences
arise: if we consider an ideal mixture, the ethanol odor intensity will be
more strongly perceived than fragrance ingredients as we increase
its concentration in the liquid. Thus, for the ideal case, introduction of
ethanol lowers the odor intensity of fragrances more significantly than
when nonidealities are considered (as can also be seen in Fig. 2.5).
This issue is certainly very relevant from the perfumery point of view,
since when designing a fragrance it is not desired to perceive a strong
alcoholic odor.

As a conclusion, there will be mixtures where ideality represents
fairly well its thermodynamic behavior and, consequently, its released
odor, though for many others that is unlikely to happen. As we will
see later in this book, some multifunctional fragrance ingredients will
introduce significant changes in the perceived odor of multicomponent
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Fig. 2.6. Effect of nonidealities in the perceived odor intensity (OV) for ternary mixtures and quaternary mixtures
(ideal—left, nonideal—right). Adapted with permission from Teixeira (2011). © 2011, M.A. Teixeira.
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mixtures. In this way, accounting for the effect of intermolecular
interactions is important and should be considered, especially when
multicomponent fragrance ingredients are presented and diluted in
suitable perfumery solvents like ethanol or water.

2.2 APPLICATION OF THE PTD® METHODOLOGY: EFFECT
OF BASE NOTES

R
®

Here, we will show the application of the PTD™ methodology for
different ternary and pseudoquaternary perfumery systems, containing
top, middle, and base notes with and without considering the presence
of solvents. A comparison on the effect of different base notes in the
perceived odor will be used to exemplify its application. The selected
odorants are presented in Table 2.2 and Fig. 2.7, together with their
corresponding chemical structures and physical and sensorial properties.

Figures 2.8—2.10 present the PTDs for the three different perfumery
systems: limonene + geraniol + base note + ethanol. The base notes
used were tonalide, vanillin, and galaxolide. The figures show the
obtained PTDs for concentrated perfume mixtures (ethanol free) and
for quaternary mixtures with some selected compositions of ethanol
(30, 50, and 70 mol%). The PTDs for each system and ethanol compo-
sition show the different odor zones together with the PBL.

The PTD® methodology together with the prediction of the activity
coefficients (,) using the UNIFAC method was implemented in the

Table 2.2. Properties of the Odorant Components

Name Molecular Formula M; (g/mol) Pt (Pa) ODT; (g/m®) PP-M;
ODT; RT
A | Limonene® CioHig 136.2 20.5 % 10" 245% 1073 4.60 x 10°
a-Pinene® CioHig 136.2 5.13 X 10? 5.44 x 107 5.18 x 10*
B Geraniol® C0H,50 154.3 26.7% 107" 248X 107° 6.70 X 103
Linalool* C10H,50 154.3 2.21 X 10" 1.26 X 107° 1.09 X 10°
C Vanillin® CgHg05 152.2 16.0 X 1073 1.87 %1077 5.25%10°
Tonalide® CsH50 258.4 67.0% 107 1.82%x107° 3.84% 107!
Galaxolide CsH50 258.4 72.7 % 10730 6.30x 1077 1.20 x 10*
S Ethanol® C,HO 46.0 72.7 X 10? 5.53 %1072 2.44 %103
“From Calkin and Jellinek (1994).
From Balk and Ford (1999).
“From Frater et al. (1999).
Adapted with permission from Teixeira et al. (2009). © 2009, John Wiley & Sons.
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Fig. 2.7. Chemical structures of the fragrant components.

MATLAB software, incorporating the routines for resolution of all
the simulations. Moreover, due to the application of the UNIFAC
method, the system of equations turns to be nonlinear and so has to be
computed numerically using iterative methods. This was performed
within the optimization toolbox package from MATLAB, adapted to
the nature of the problem studied here (Chapman, 2000; Chapra
and Canale, 2002). The nonlinear system of algebraic equations was
solved using the numerical method of Levenberg—Marquardt with
line search. The choice of this method relied on its robustness and
precision, although it may have occasionally poorer efficiency than
other methods (e.g., higher number of function evaluations than the
Gauss—Newton method, when the residual is zero at the solution).
The line search algorithm uses a combined quadratic and cubic poly-
nomial interpolation and extrapolation methods (Nocedal and Wright,
1999; MathWorks, 2002).

Inspection of Figs 2.8—2.10 and focusing in the ternary systems
only (xs=0), the first conclusion is withdrawn: changing only one
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Fig. 2.8. PTDs for different initial mole fractions of solvent in the quaternary system of limonene (A) + geraniol (B) +
tonalide (C) + ethanol (S). Adapted with permission from Teixeira et al. (2009). © 2009, John Wiley & Sons.

component in the mixture (here, the base note) the perceived odor may
drastically change. In the three cases presented here, the predicted
odor zones show completely different shapes for the dominant odors.
Moreover, considering each perfumery system alone, the PTDs can be
seen in two perspectives:

1. From top to bottom: Increasing the ethanol mole fraction in the
liquid mixture, it is possible to determine its maximum concentra-
tion so that the OV« corresponds to the desired fragrant compo-
nent but not to ethanol. An example happens when sniffing a
perfume bottle: it is expected that only the fragrance ingredients are
perceived, but never the strong alcoholic-ethereal-medical-like smell
of ethanol.

2. From bottom to top: Decreasing the ethanol mole fraction in solution,
we are simulating its evaporation, which usually takes some few
seconds (up to few minutes) after application. It is like when we spray
a perfume on a paper blotter, smell it, fan it, and smell it again.
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Fig. 2.9. PTDs for different initial mole fractions of solvent in the quaternary system of limonene (A) + geraniol
(B) + vanillin (C) + ethanol (S). Adapted with permission from Teixeira et al. (2009). © 2009, John Wiley &
Sons.

The first perfumery system (Fig. 2.8) uses tonalide as base note.
Tonalide is a typical sweet-musk-warm fragrance, commonly used in
perfumery as a fixative although its application is currently more
restricted. A fixative is a chemical ingredient (usually of low volatility)
that can change the rate of evaporation of both the top and the middle
notes and improve stability, thus allowing the perfume to last longer
(Calkin and Jellinek, 1994; Teixeira et al., 2009; Ohloff et al., 2012). In
this perfumery system, the predicted PTD ' shows that tonahde is only
perceived when pure (corner C), while limonene and geraniol divide
the diagram in two odor zones (when xg = 0). Moreover, the introduc-
tion of ethanol in this mixture brings its corresponding odor zone that
expands from corner C: this means also that tonalide is not a potent
odorant and is fixating the remaining fragrances in the mixture.

On the perfumery system of Fig. 2.9, the base note is changed to
vanillin, highlighting a curious and unexpected behavior. In what con-
cerns the corresponding ternary mixture, not only the odor zone for
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Fig. 2.10. PTDs for different initial mole fractions of solvent in the quaternary system of limonene (A) + geraniol
(B) + galaxolide (C) + ethanol (S). Adapted with permission from Teixeira et al. (2009). © 2009, John Wiley
& Sons.

vanillin exhibits an unusual shape but there are also two different odor
zones for limonene (one at high and another at low concentrations).
The explanation behind the fact that both limonene and vanillin pres-
ent a strong odor, even when in very low concentrations in the liquid
phase, is given by Thermodynamics. This effect is explained by the
relative low polarity of limonene, which is highly “pushed out” of the
polar solution at low concentrations, thus increasing its perceived odor
intensity in air. A similar phenomenon is predicted for the odor inten-
sity of vanillin (as seen in Fig. 2.9), thus showing a good agreement
with experimental observations, since it is known to be a powerful
base note (TGSC, 2012).

Finally, the perfumery system presented in Fig. 2.10 shows that
according to our predictions, although galaxolide is a typical base
note, it is strongly perceived near the gas—liquid interface for a large
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range of compositions in these mixtures. A closer look at the physico-
chemical properties of this component (see Table 2.2) shows that
despite having a low saturation pressure, the ODT is also very low,
which leverages the potency of its odor. This is why perfumers usually
use galaxolide highly diluted in the perfume formulation (it often
comes diluted in DEP for product stability as well).

In sum, the PTD™ allows predicting and evaluating the different
properties of the base notes studied here, showing that the effect into the
odor character increases in the order of: tonalide « vanillin < galaxolide
(Figs 2.8—2.10, respectively).

Another feature of the PTD® is that it is also able to show the odor
intensity of a fragrance ingredient by plotting the OVs in the ternary
diagram. Like this, it is possible to map the contours of odor intensity
for each component (like isolines of OV) as presented for the system
limonene (A) + geraniol (B) + vanillin (C) in Fig. 2.11. Regarding that
example, it is important to make some considerations: while for gera-
niol (middle note), the maximum odor intensity is reached when it is
presented at high concentrations in the mixture (the expected behavior),
the same is not seen for limonene (top note) or vanillin (base note). In
fact, the behavior of these two fragrance ingredients is quite curious as
previously discussed. For ternary mixtures the predicted odor intensity
for limonene reaches its maximum at low concentrations, with high con-
centrations of vanillin. The opposite is found for vanillin. Once again,
the explanation behind this behavior is in the activity coefficient, and
the ability of a polar solution to push out the nonpolar fragrances, and
vice versa.

However, addition of ethanol (in a mole fraction of xg = 0.30, 0.50,
0.70), not only changes significantly the shape of the PTD® (as shown
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Fig. 2.11. PTDs showing the odor intensity map for each fragrance ingredient in the ternary mixture of limonene
(top note) + geraniol (middle note) + vanillin (base note).
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Fig. 2.12. Odor intensity map of each fragrance ingredient in the ternary mixture of limonene (top note) + geraniol
(middle note) + vanillin (base note) + ethanol (xg= 0.50, solvent).

in Fig. 2.9) but also the odor intensity of each component. This is
presented in Fig. 2.12 for xg = 0.50. In this case, the OVs decrease sig-
nificantly for all fragrance compounds mainly due to dilution effects.
The incorporation of ethanol increases the polarity of the liquid
mixture. Consequently, vanillin is more retained in solution at low
concentrations, which decreases its vapor concentration and so, its
odor intensity. On the contrary, the OVs for limonene still continue to
be significantly high when present in low concentrations: This happens
because limonene is nonpolar, and the addition of ethanol keeps the
liquid solution highly polar. Thus, limonene is still pushed out of the
mixture at low concentrations.

2.2.1 Experimental Validation of the PTD®
As a proof of concept, it is important at this stage to evaluate the
experimental validation of the predictive PTD®™ model. This can be
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Table 2.3. Composition of Perfume Test Mixtures (Compositions Are Presented

in Molar Fractions)

Molar Liquid Composition
Component P1 P2 P3
A Limonene 0.129 0.289 0.096
B Geraniol 0.129 0.145 0.339
C Vanillin 0.129 0.048 0.048
S Ethanol 0.613 0.518 0.517
Adapted with permission from Gomes et al. (2008). © 2008, John Wiley & Sons.

done by measuring OVs for some mixtures, based on experimental
ODT values and headspace concentrations (C®). One of the previous
systems addressed was used for the validation: limonene (A) + geraniol
(B) + vanillin (C) + ethanol (S). Here, we will show it using three sim-
ple quaternary perfume mixtures by performing a comparison between
the experimental OVs with those predicted from our simulations
for the ideal and nonideal approaches. The compositions of these test
mixtures are given in Table 2.3.

The experimental OVs are calculated using Eq. (2.1), with the
corresponding experimental ODTs and headspace concentrations (in
equilibrium with the liquid phase) for each component. For that pur-
pose, panelists were used for the determination of ODTs (by dynamic
olfactometry), while gas concentrations were obtained by static
headspace GC analyses of the vapor phase above the liquid mixture
at 25°C in equilibrium conditions (Gomes et al., 2008). From the latter
experiments, it is also possible to calculate an approximated saturated
vapor pressure for single components using the ideal gas law:

wr _ CF
Pt = MRT (2.17)

These experimental saturated vapor pressures together with the
experimental ODTs were used for the validation of the PTD®™ model.
Figure 2.13 shows a comparison between experimental and calculated
OVs (ideal and nonideal) obtained for the three test mixtures (P1, P2,
and P3). It is seen that limonene presents the maximum OV for all
three mixtures considering the experimental OVs. This was confirmed
by olfactory evaluations performed for the three different test mixtures
with limonene being the dominant odor. Additionally, it is to note that
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Fig. 2.13. Comparison between experimental and simulated OVs calculated at 25°C for the perfume test mixtures
with limonene, geraniol, vanillin, and ethanol (composition points P1, P2, and P3). The simulation was performed
for both ideal and nonideal cases.

the OVs for limonene, geraniol, and ethanol (considering nonidealities,
open circles) were reasonably well predicted. In the case of geraniol,
the activity coefficients (and the OVs) are often slightly over predicted,
while the opposite happens for ethanol. For the case of vanillin, a mol-
ecule with multifunctional groups and very polar, there are large devia-
tions, especially for mixture P1 (high concentration of vanillin). While
the experimental OVs for the previous components differed from those
calculated in a range of 2.5—30%, in the case of vanillin, the difference
was significantly higher. Moreover, it is apparent from these results
that a special interaction between the limonene—vanillin pair happens.
The evaporation of vanillin seems to be somehow enhanced in the
presence of limonene at relatively high concentrations (P1 and P2). As
we have seen before, vanillin is a perfumery material difficult to work
with, although it is one of the most important ones and makes part
of countless perfumes (Calkin and Jellinek, 1994). In a perfume with a
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concentration as low as 0.5% of vanillin, it can overlay the odor of
the remaining components. Therefore, it is usually the last ingredient
to be added and the most effective concentration level is often estab-
lished by trials (Gomes et al., 2008). Finally, it should be noted, once
more, the importance of considering nonidealities in the liquid phase:
the predictions using the ideal model (neglecting activity coefficients)
are considerably worse in respect to the experimental values. We have
previously addressed this issue in Section 2.1.2. The relevance of the
activity coefficient (7). Here, we validate our opinion using olfactory
experimental data as well.

In sum, it should be said that although a perfume is formulated in
the liquid phase, it is the headspace concentration that will define its
smell. The OVs were reasonably well predicted by the PTD® methodo-
logy except for vanillin, but the dominant odorant was well predicted
for the three test mixtures. Thus, this methodology shows to be useful
in predicting odor intensities and the dominant character of perfume
mixtures: consequently, it may be helpful in the preformulation stages
of simple fragrances like those incorporated in detergents, soaps, or
candles.

2.3 THE PERFUMERY QUATERNARY—QUINARY DIAGRAM
(PQ2D™)

The previous PTD® methodology can be used to represent the odor
character of ternary fragrance mixtures. Additionally, it can also be
used for quaternary mixtures if the fourth component has a fixed com-
position (and so, the remaining components are represented as in a
solvent-free basis). Despite it may serve to provide some insights on
the behavior of quaternary mixtures, it is also true that this type of
projection has its inherent limitations. It would be necessary a series
of PTDs with different (fixed) compositions of solvent to show the
whole behavior of a quaternary mixture (e.g., as in a triangular prism).
In order to overcome that issue, the previous PTD®™ methodology was
extended to a new tool called Perfumery Quaternary-Quinary Diagram
(PQ2D®). This PQ2D™ maps the odor space of quaternary to quinary
mixtures. It follows its predecessor in much part of the methodology
but because it uses three-dimensional representations, it allows
showing the perceived odor of quaternary mixtures. For that purpose,
a regular tetrahedron is used where each vertex represents a single
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component of the mixture: the triangular base of the tetrahedron can
be seen as the previous PTD™ (as well as its faces) while at the top
there will be the fourth component. Like in the ternary diagram, it
is imperative that for each point inside the tetrahedron, the sum of
the mole fractions equals to unity. In fact, the regular tetrahedron
possesses an important property: if we consider a point inside the tetra-
hedron, the summation of the distances from that point to all four faces
(e.g., the sum of the heights of that point in respect to each face) is a
constant value, k, which equals the total height of the tetrahedron
(Wei, 1983):

> hi=k (2.18)

where /i, is the distance from a point inside the tetrahedron to the
face i. This is analogous to the equilateral triangle, used in the PTDs.
In this way, if we build a tetrahedron of unit length edges (so the edges
can be used as axis to denote fractions of compositions), we can use
it to represent the composition (in mole, mass, or volume fraction) of
any quaternary system, given that:

doxi=le Y by (2.19)

where x; stands for the composition of component i (in mole, mass,
or volume fraction). Following this line of thought, each edge of the
tetrahedron represents a binary subsystem (composed by the two pure
components at both ends of the edge), each face represents a ternary
subsystem (without the component placed in the opposite vertex) and,
finally, the points inside the tetrahedron represent any possible mixture
of the quaternary system. Moreover, all points in a plane parallel to a
given face are at the same distance of that face and, thus, have the
same composition for the component in the opposite vertex to that
face. It should be noted that the regular tetrahedron is commonly
used in phase equilibria thermodynamics to represent the behavior of
quaternary systems (Wei, 1983).

Once more, in analogy with the ternary diagrams, the PQ2D® also
needs a transformation of coordinates from the system of tetrahedric
coordinates (quaternary compositions, in mole, mass, or volume frac-
tion) to the three-dimensional, cartesian space. (Walas, 1985; Teixeira
et al., 2009).
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Moreover, the PQ2D® may use the concept of OV as defined in
Eq. (2.1) as well as the SC model, thus mapping the dominant odor
within the tetrahedric diagram. Analogously to the PTD®™ where we
had odor zones, now in the PQ2D®™ there will be ranges of composi-
tions called odor volumes where one component dominates the overall
odor. For a quaternary mixture, the compositions confined to these
odor volumes must follow the relationship:

OV;=OVpu, i=A,B,C,S (2.20)

In this way, an odor volume is limited by surfaces where the OV .
is shared by two components and delimited by lines where the OV ., is
shared by three components. So, a new concept of perfumery binary
surfaces (PBS) and perfumery ternary lines (PTL) is introduced with the
PQ2D®. The PBS defines the region of the quaternary compositions
where:

OV, =0V, =0Vpy, i,j=4,B,C,S (2.21)

with i, j as fragrant components (being i#%j). The PTL are the set of
compositions where the following relationship remains valid:

OVpax =0V, =0V; =0V, i,jk=4,BC,S (2.22)

with i, j, k as fragrant components and (being i#j#k). The PTL results
from the intersection of two different PBS. This means that a PTL
crosses the quaternary diagram in the thin region where three fragrant
components have the same maximum OV (OV,.,). Moreover, in a
quaternary mixture, it is possible to have one or more compositions
where all the components share the maximum OV. That is defined as a
perfumery quaternary point (PQP) between four different fragrant
components , j, k, and / when they share the maximum OV:

OV;=0V;=0V;=0V;=0Vya, i)k l=4,B,C,S (2.23)

where i, j, k, and [/ are fragrant components (being i#j£k#l).
Similarly, the composition of the PQP is also set by the intersection
of three different PTLs. For a quaternary perfumery system, there will
be C3 = 6 different possible combinations of PBS, C3 = 4 different pos-
sible combinations of PTLs, and there is only one type of PQP. The
conditions for the determination of PBS, PTL, and PQP considering a
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Table 2.4. Conditions of the Nonlinear System for the PBS, PTL, and PQP

PBS PTL PQP

i+j i+j+k i+jrk+l

OV;=0V; OV;=0V,=0V, OV;=0V;=0V, =0V,

X+ X+ xe+x=1 Xitxptxetx=1 xXit X+ xetx=1

{OV;=0V;} = OVpax {OV;=0V;=0V;} = OVyux {0V;=0V; =0V =0V} =0V«
0<x<l1 0<x<l 0<x<l

Adapted with permission from Teixeira et al. (2009). © 2009, John Wiley & Sons.

quaternary perfume system are shown in Table 2.4. The determination
of these PBS, PTL, and PQP, as previously happened with the PTD®
methodology, includes the numerical calculation of a large number of
possible composition points.

2.3.1 Application of the PQ2D® Methodology

Similarly to what was done with the PTD™, the application of the PQ2D™
methodology will be shown using the previous three different quaternary
systems: limonene (A) + geraniol (B) + base note (C) + ethanol (S), with
the base notes of tonalide, vanillin, and galaxolide. Before the tetrahedrons
are discussed, their faces will be presented and evaluated. The faces of the
tetrahedron represent the ternary subsystems that compose the quaternary
system. In this way, for a perfumery system of the type (A + B+ C+ ),
the faces will be the four ternary subsystems: (A + B+ C), (A+B+Y),
(A+ C+YS), and (B+ C+ S). This allows an easier perspective for visual
interpretation than with the three-dimensional projections. These faces of
the tetrahedron are shown in Fig. 2.14 for the three different quaternary
systems.

Each diagram is divided in four triangles (PTD™) which represents
a single face of the tetrahedron, i.e., each of the four different ternary
subsystems of the quaternary mixture. Moreover, from these projec-
tions the tetrahedron can be constructed from each diagram just by
“pushing up” the three outer vertices (S), so that they join together in
the space above the central triangle (base of the tetrahedron). It is
important to mention that Fig. 2.14 only shows the limits (faces) of the
tetrahedron, thus no information about the behavior of the quaternary
system is provided. In order to visualize that, it is necessary to plot the
interior composition points of the quaternary mixtures. This is shown
in Figs 2.15—2.17, where the odor volume for each component is
represented separately, so that its shape can be clearly visualized.
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Fig. 2.14. Ternary subsystems for the three perfumery systems: (A) top note (dark gray, limonene), (B) middle note
(light grey, geraniol), ( C) base note (white, 1: tonalide, 2. vanillin, 3: galaxolide); (S) solvent (black, ethanol). The
figures are the projection of the tetrahedron faces. Adapted with permission from Teixeira et al. (2009). © 2009,
John Wiley & Sons.

The complementarity between Fig. 2.14 and the corresponding
tetrahedrons (Figs 2.15—2.17) is essential for an easy visualization of the
odor space of the perfumery systems. From these PQ2Ds, it is possible
to understand the whole behavior of the quaternary perfumery systems,
something which was not possible using only the previous PTDs
(compare Figs 2.8 and 2.15; Figs 2.9 and 2.16; and Figs 2.10 and 2.17).

Indeed, the ternary diagrams represent horizontal cuts of these
PQ2Ds, at different heights from the bottom of the tetrahedric
diagram (i.e., for different ethanol compositions). In this way, the odor
volumes obtained for these PQ2Ds confirm what could be hypothe-
sized from inspection of the PTD® diagrams in Figs 2.8—2.10, or from
the ternary subsystems in Fig. 2.14: tonalide is only the dominant note
when nearly pure, since its odor volume is restricted to its correspond-
ing vertex. The odor volume of vanillin confirms its unusual shape,
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Geraniol

Limonene Limonene

Ethanol Ethanol
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Tonalide Tonalide

Geraniol

Geraniol

Limonene Limonene

Fig. 2.15. Perfumery fragrance volumes for the quaternary system limonene + geraniol + tonalide + ethanol:
(1) limonene, (2) geraniol, (3) tonalide, (4) ethanol.! Adapted with permission from Teixeira et al. (2009).
© 2009, John Wiley & Sons.

being a dominant note both in its high and low concentration range.
Furthermore, galaxolide presents the largest of the odor volumes,
dominating most of the tetrahedric diagram (and thus, most of the
composition spectrum).

An important result to extract from these PQ2Ds is that the potency
of the base notes can be seen by the size of the corresponding odor
volume. As previously seen for the PTDs, it increases in the order of
tonalide <<< vanillin < galaxolide. This phenomenon is related with
the different blooming of the base notes and deserves further attention.
A relatively common mistake found in the literature states that the
potency of an odorant or its OV can be simply approximated by the
saturated vapor pressure of the odorant. Nevertheless, that is a gross
approximation that may lead to erroneous conclusions. Recalling the

'All these PQ2D™ can be seen in animated movies for their whole odor distribution at www.Isre.
fe.up.pt.
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Geraniol

Vanillin Limonene

Limonene Vanillin
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Fig. 2.16. Perfumery fragrance volumes for the quaternary system limonene + geraniol + vanillin + ethanol:
(1) limonene, (2) geraniol, (3) vanillin, (4) ethanol. Adapted with permission from Teixeira et al. (2009).
© 2009, John Wiley & Sons.

definition of the OV as expressed by Eq. (2.5), it is possible to rewrite
it as:

P‘;al . Mi

OVZ':%"“I'(oT,.-RT

) = ;X KP%T (2.24)

where K%' represents the ratio of properties inside parenthesis.
Among the three factors from Eq. (2.24), it is seen that the composi-
tion (x;) varies from 0 to 1, while the activity coefficient (v;) can vary
in most cases about one or two orders of magnitude. On the other
hand, the K?%' is a constant value for each fragrance chemical. It is
a function of the experimental temperature (7) and some pure com-
ponent properties (saturated vapor pressure, molecular weight, and
ODT). Table 2.2 presented the values for this constant (K°") calcu-
lated for each odorant used in the perfumery systems studied here. It is
clearly seen that it increases in the same way as the size of the odor
volumes for the corresponding base notes. Moreover, as discussed
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Fig. 2.17. Perfumery fragrance volumes for the quaternary system limonene + geraniol + galaxolide + ethanol:
(1) limonene, (2) geraniol, (3) galaxolide, (4) ethanol. Adapted with permission from Teixeira et al. (2009).
© 2009, John Wiley & Sons.

before, the product of the composition by the activity coefficient tends
to have a lower impact on the OV than the K%', That is especially
significant from tonalide to vanillin, which may explain why the first
cannot be strongly perceived when mixed with other fragrant compo-
nents. It is to highlight also that tonalide has the lowest saturated
vapor pressure and the highest odor threshold, resulting in a KP4
that is several orders of magnitude lower than all others. K" for
galaxolide, for its part, explains why the predictions point to its strong
perception for a wide range of perfume compositions.

2.3.2 Application of the PQ2D"™ to Perfumery Quinary Systems
2.3.2.1 Effect of the Base Note on Perfume Formulation

The PQ2D®™ methodology can also be implemented for quinary
perfumery systems in the same way that quaternary mixtures could
be applied to the PTD®™ methodology, although with some graphical
limitations. As it happened before, it is necessary to define pseudoqua-
ternary compositions. For that purpose, the quaternary molar fractions
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of the fragrant components are recalculated in a free basis of the fifth
component, as follows:

’ xA / xB
.XA - 9 XB = 5
XA T X+ Xc + Xg XA T X+ Xc + Xg
’ xC ’ xS (2.25)
xc =

= x =
XA+ xp+xc+xs’ S xa+xp+xc+txs

where x’ is a pseudoquaternary composition for each of the four fra-
grant components (A, B, C, S) in the quinary system (A, B, C, D, S).

To illustrate this application, we will evaluate the effect of intro-
ducing a fixative and the effect of incorporating water in a quater-
nary mixture. In the former case, the predicted quinary system
consists of limonene (A), geraniol (B), vanillin (C), tonalide (D), and
ethanol (S). Tonalide is considered at fixed compositions since it is
only (strongly) perceived when nearly pure (see Figs 2.14 and 2.15).
The ternary subsystems for the different quinary mixtures simulated
are presented in Fig. 2.18, considering constant mole fractions of

Wi AN
Gy
AVAVAVAY AV

Fig. 2.18. Ternary subsystems for the three quinary perfume mixtures: (1) Xonatidze = 0.10, (2) Xionatide = 015,
(3) Xonatide = 0.20. (A) Top note (dark gray, limonene); (B) middle note (light gray, geraniol); (C) base note
(white, vanillin),; (S) solvent (black, ethanol). Adapted with permission from Teixeira et al. (2009). © 2009,
John Wiley & Sons.
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Fig. 2.19. Odor volumes for each fragrance of the quinary mixture with X,pnaiize = 0.10: (1) limonene, (2) geraniol,
(3) vanillin, (4) ethanol. Adapted with permission from Teixeira et al. (2009). © 2009, John Wiley & Sons.

tonalide: (1) Xionatide = 0.10, (2) Xtonatide = 0.15, and (3) Xonatige = 0.20,
respectively. The behavior of the odor space for the whole quinary sys-
tems are presented in Figs 2.19—2.21 using the PQ2D® methodology.
Once more each fragrance odor volume is presented separately in order
to have a better view of the distribution of the perceived odor.

The incorporation of a second base note like tonalide in this per-
fumery system produces a clear effect in the odor space, revealing its
fixative properties. Again, Fig. 2.18 shows the outside of the PQ2D®
while Figs 2.19—2.21 reveals the whole PQ2Ds. As the tonalide
concentration increases, there is a reduction of the odor volume for
limonene because it tends to be more retained in the liquid. That
is an evidence of the fixative effect of tonalide on the less polar mole-
cules. On the opposite direction, the odor volume for vanillin
increases with the concentration of tonalide, showing that vanillin
tends to be “pushed out” of the solution and, thus, more intensely
perceived.
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Fig. 2.20. Odor volumes for each fragrance of the quinary mixture with X,puaiqe = 0.15: (1) limonene, (2) geraniol,
(3) vanillin, (4) ethanol. Adapted with permission from Teixeira et al. (2009). © 2009, John Wiley & Sons.
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Fig. 2.21. Odor volumes for each fragrance of the quinary mixture with X,pnatiqe = 0.20: (1) limonene, (2) geraniol,
(3) vanillin, (4) ethanol. Adapted with permission from Teixeira et al. (2009). © 2009, John Wiley & Sons.
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2.3.2.2 Effect of Water on Perfume Formulation

Another important topic is the effect of water on perfume formulations.
That can also be illustrated by means of the PQ2D®™ methodology.
Water is a solvent commonly used in perfumery (especially in more
“diluted” fragrances: eau frdiche, eau de cologne). Consider the addition
of water to some of the quaternary systems already studied, using a
constant composition (Xyater = 0.45). The behavior of the quinary sys-
tems produced can be shown with the PQ2D™ in order to illustrate the
influence of water in the odor space. The PTD® of the tetrahedron faces
and the PQ2D® for the systems of limonene + geraniol + (vanillin or
galaxolide) + ethanol + water are presented in Figs 2.22—2.24.

The introduction of water in the perfumery systems changes the
shapes of the odor volumes for the different fragrance ingredients
(compare Figs 2.22—2.24 with Figs 2.14—2.17—the corresponding sys-
tems without water). While for the mixture with galaxolide the changes
are basically on the size of the odor volumes, the mixture with vanillin
has clear changes also in their shape. Related to this effect is the fact
that nonpolar limonene is pushed out of the solution more strongly
in the presence of water, and so its odor volume is larger. Besides, the
polar component ethanol is more retained in the solution with water,
thus slowing down its evaporation rate and reducing its initial percep-
tion. Remarkably, these predictions are supported by experimental
evidences from perfumery.

\VAVAVAVI Y
A\VAVAY)
V#Yf

S

Fig. 2.22. Pseudoquaternary subsystems for the quinary perfume mixtures: (1) limonene + geraniol +
vanillin + ethanol + water and (2) limonene + geraniol + galaxolide + ethanol + water. (A) Top note (dark gray,
limonene); (B) middle note (light gray, geraniol); (C) base note (white, vanillin or galaxolide); (S) solvent (black,
ethanol). Water composition was set equal to 45 mol’s in both cases. Adapted with permission from Teixeira et al.
(2010). © 2010, John Wiley & Sons.
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Fig. 2.23. Perfumery fragrance volumes for the quinary system (1) limonene + geraniol + vanillin + ethanol + water:
(a) limonene, (b) geraniol, (c¢) vanillin, (d) ethanol. Water composition was set equal to 45 mol%. Adapted with
permission from Teixeira et al. (2010). © 2010, John Wiley & Sons.
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Fig. 2.24. Perfumery fragrance volumes for the quinary system (2) limonene + geraniol + galaxolide + ethanol + -
water: (a) limonene, (b) geraniol, (c) galaxolide, (d) ethanol. Water composition was set equal to 45 mol’s. Adapted
with permission from Teixeira et al. (2010). © 2010, John Wiley & Sons.
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2.4 PERFUMERY OCTONARY SYSTEM

As previously seen, the developed PQ2D® methodology uses a
graphic representation of a three-dimensional view using a tetrahe-
dron to map the perceived odor of quaternary and quinary fragrance
mixtures. However, if we want to introduce more fragrance ingredi-
ents, it becomes impossible to visualize it in its entirety: it would be
necessary to map a multidimensional space (but plotting and under-
standing more than three dimensions on a plane paper is quite com-
plex). Thus, although the methodology works for N component
mixtures of fragrance ingredients (as well as the developed software),
it is restricted by our own limitation of the visual perception. It is
not possible to represent in a visual way (e.g., using a polyhedron)
higher dimensional systems in their entirety, once Eq. (2.20) has to be
satisfied. One way to tackle this problem would be by performing
projections and cuts to reduce dimensionality. This visualization
approach was already used in high-dimensional liquid—liquid equilib-
rium phase diagrams using the Jinecke or normalization projection,
the parallel or lumping projection, the Cruickshank projection, and
different isobaric and isothermal cuts (Harjo et al., 2004). Despite
being valuable for reducing dimensionality, some of these projections
continue to be difficult to visualize. Thus, the work to extend the
graphic tools (PTD®, PQ2D®) to multicomponent mixtures is still
running.

With certain limitations, the PTD® and PQ2D® can be used to
explore the odor character of multicomponent mixtures. As an exam-
ple, consider an octonary perfume system. This perfume mixture will
include six fragrance ingredients (limonene + a-pinene + geraniol +
linalool + vanillin + galaxolide) and two solvents (ethanol + water).
Such perfumery system consists of two top notes, two middle notes,
and two base notes in a binary solvent matrix. In order to represent
the headspace odor of this octonary mixture in the PQ2D®, a con-
straint has to be introduced in the chemical compositions: for exam-
ple, two components of the mixture can be located together in each
vertex of the tetrahedron (two top notes, two middle notes, two base
notes, and two solvents). Thus, each vertex represents a type of
component (top, middle, and base notes and solvent). But to do
that, a specific ratio of these two components must be kept. In this
case, two different component ratios were considered: one for the
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fragrance ingredients and another for the solvents, as given in Eqs
(2.26) and (2.27):

0.55
= 22
YT 045 (2.26)
0.60
Xs, = 5207 (2.27)

where 7 and j correspond to each fragrance couple placed in a vertex of
the tetrahedron, while s; and s, correspond to ethanol and water, respec-
tively. Following this reasoning, in each vertex of the tetrahedron there
will be a binary mixture with a specific ratio of compositions, and across
each edge there will be a quaternary mixture where every two compo-
nents have a composition that is determined by its couple.

The odor character of the subsystems composing the octonary
perfume mixture is shown in Fig. 2.25 for the different PTDs of the
tetrahedron diagram. The whole behavior of the octonary perfume sys-
tem is presented in Fig. 2.26 by using the PQ2D™ with the odor
volumes of each component. Some of the fragrance ingredients and
solvents have no representative odor volume for this mixture once they

Ethanol/water Limonene/a-pinene Ethanol/water

Geraniol/linalool KREXAAFAFAAFAAT Vanillin/galaxolide

Ethanol/water

Fig. 2.25. Subsystems composing the octonary perfume mixture. The figures are the projection of the tetrahedron
faces. Limonene: no odor; a-pinene. green vertical stripes; geraniol: light gray; linalool: no odor; vanillin: white;
galaxolide: yellow horizontal stripes; ethanol: black; water: no odor. Adapted with permission from Teixeira
(2011). © 2011, M.A. Teixeira.
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Fig. 2.26. Perfumery fragrance volumes for the octonary perfume system: (1) limonene, (2) a-pinene, (3) gera-
niol, (4) linalool, (5) vanillin, (6) galaxolide, (7) ethanol, and (8) water. Adapted with permission from
Teixeira (2011). © 2011, M.A. Teixeira.

are not more intensely perceived than the other fragrances.
Nevertheless, they may contribute to the odor as a nuance or a second-
ary odor. Moreover, there will not be an odor volume for water since
it is odorless. From the predicted results obtained, it is possible to
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draw some conclusions: (i) in a multicomponent mixture not all fra-
grance components will be strongly perceptible; (ii) the combination of
top notes may lead to a stronger initial perception of only one of those
(depending on the composition) which explains the fact that limonene
has no odor volume; (iii) base notes play an important role in perfum-
ery not only for the fixative and long lastingness effects but also
because their smell may be perceived from the beginning as back-
ground odors (odor volumes of vanillin and galaxolide); and (iv) a
stronger perception of the fragrance ingredients reduces the range of
compositions (odor volume) where ethanol is strongly perceived. This
is important because its smell is undesired for the final perfume
product.

2.5 CONCLUSION

The PTD™ and PQ2D™ tools allow presenting in a simple and easy-
to-interpret graph the odor space of perfume mixtures. They can be
used to explore the starting formulation of the perfume mixture, or
to compare the effect of different components: here we have shown
the influence of base notes and the role of water in the impact of the
fragrance. The methodology also allows showing the qualitative
odor character of these mixtures. It uses the concept of the OV, which
is defined as the ratio between the concentration of an odorant in the
gas phase and its corresponding odor threshold value, as previously
defined. But the methodology is not restricted to this odor intensity
model due to its modular conception.

A detailed study to evaluate the effect of nonidealities in the liquid
mixture was also performed. For that purpose, the UNIFAC method
was considered for the prediction of activity coefficients in the liquid
phase (v;). As a result, it was shown that the perception of fragrances
is not straightforward, and looking solely at the physicochemical
properties of a single component isolated from the mixture may lead
to erroneous conclusions. Rather, it must include the properties of all
fragrance ingredients mixed in the perfume. Finally, the methodology
was experimentally validated using a ternary mixture of limonene,
geraniol, and vanillin with and without ethanol as a solvent. It was
obtained a good agreement between the predicted OVs and those
experimentally measured for the case of limonene and geraniol, though
for vanillin they were poorly estimated (Gomes et al., 2008). In this
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way, further improvements are necessary to refine this tool and accu-
rately predict the perceived odor of mixtures: either from thermody-
namic models or from a better understanding of odor perception.
Despite these methodologies will not replace the unparalleled olfactory
ability of perfumers, they may help their work on the path for the
design of new fragrances.
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In this chapter, we will address fragrance performance, a very relevant
topic for the design of novel and improved fragranced products.
Fragrance performance is often assessed by experimental sensory eval-
uation using panelists, not so by predictive models. Consequently, it
introduces human interpersonal variability and increases the time
needed for such evaluations. It is no surprise that it would be a tremen-
dous breakthrough to have theoretical models capable of doing so, in
seconds.

In order to account for fragrance performance, one should take
into account three important factors: first, the release of fragrant
molecules from a perfume, then their propagation in the air, and,
finally, their perception at the olfactory level. These three steps,
though, bring a series of questions: How can we model fragrance
release from a solution? As a proof of concept, will it be feasible to
experimentally measure and validate fragrance evaporation? What
will be the relevance of such analysis for fragrance design and perfor-
mance? Ultimately, how can we quantify a qualitative property like
fragrance performance?
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In order to answer some of these questions, we have selected four
performance parameters commonly used in perfumery: impact, diffu-
sion, tenacity, and volume. We have modeled the performance of
selected fragrance mixtures using these parameters and the results
obtained were compared to experimental evaluations.

The diffusion of odorant mixtures in air was addressed together
with the assessment of their performance in terms of olfactory
perception. A predictive model to account for the diffusion of
fragrances in air was applied to several mixtures of fragrance ingredi-
ents and their performance using perfumery concepts was quantified.
The Perfumery Ternary Diagram (PTD®) and the Perfumery
Quaternary-Quinary Diagram (PQ2D®) methodologies were recalled
here for the representation of perfume evaporation paths using evapo-
ration lines. The performance of these perfume mixtures was also ana-
lyzed considering the odor intensity and lastingness of the odorants
at different distances from the point of application of the perfume
and over time. For quantifying the evaporation of fragrances, several
predictive G® methods based on the group-contribution concept
were tested for the prediction of multicomponent vapor—liquid equilib-
ria (VLE). Experimental data of equilibrium compositions was mea-
sured by headspace gas chromatography (HS-GC) to validate this step
as well.

3.1 FRAGRANCE PERFORMANCE

Fragrance performance is often evaluated empirically through olfactory
evaluations performed either by nontrained panelists or by perfumers.
Some key performance parameters have been defined by the industry, in
an attempt to compare the olfactory effects of different fragrances or
different formulations. Among these key performance parameters there
are four that account for the effect of time and distance from the source
of a perfume. These four performance parameters are the so-called
impact, diffusion, tenacity, and volume (Cortez-Pereira et al., 2009;
Teixeira et al., 2009a):

1. Impact is an immediate olfactory sensation and is a measure of
the intensity of a perfume in the first moments after an application.
An example is when sniffing a perfume from a blotter or right after
its application onto the skin.
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2. Tenacity is the ability of a fragranced mixture to retain its character-
istic odor during the so-called dry-down stage. It is a performance
index that measures the persistence of a fragrance for long times after
its application but near the evaporating source, like how long the
perfume lasts in the skin after applying it.

3. Diffusion refers to the efficacy of a perfume at some distance from
the source, representing how fast a fragrance radiates in space and
permeates into the surrounding environment.

4. Volume is the effectiveness of a perfume over distance, some time
after application.

These odor performance parameters are time and distance dependent.
Together they provide a picture of the propagation of a given perfume
or fragrance in air, allowing to compare the effectiveness of different fra-
grance ingredients and formulations. The four parameters can be easily
understood through Fig. 3.1.

Although the definition of fragrance performance by words may
look simple, it is complex to measure and model it (and ultimately pre-
dict it!). This is so because it is a function of complex properties: the
selected fragrance ingredients, their composition, selection of matrix
or support of application, as well as the release and propagation rates of
the different odorants, and, finally, the effect of their concentration on

Diffusion Volume

T

Distance

Tenacity

0 Time —>

Fig. 3.1. Parameters used by perfumers to evaluate the performance of a perfume as a function of the intensity
and character of the perceived odor with time and distance. Adapted with permission from Teixeira (2011). ©
2011, M.A. Teixeira.
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the odor intensity and character as perceived by the human nose. Thus,
despite the fact that product performance remains indisputably a very
important issue for companies (and those from F&F are not different),
it is also complex to evaluate it. Ultimately, the target will always be the
development of best seller fragrances or fragranced products, though the
path to reach those is still cloudy and risky.

Both R&D departments from industry and academy have been
studying different topics within the performance of fragrances. An
overview of some relevant works is presented in Table 3.1. Note,
however, that the term performance is commonly used in perfumery as
a measure of the long lastingness or strength of a perfume/fragrance as

Table 3.1. Summary of Some Relevant Literature on Performance of Fragrances

Approach References

Measurement of fragrance intensity and base odor above skin Cortez-Pereira et al. (2009)
using panelists and a labeled magnitude scale (LMS) for
performance evaluation

Evaluation of perfume performance based on chemical Stora et al. (2001)
structure related properties and physicochemical properties
of the chemicals together with calculation of the perceived
odor intensity

Combination of headspace measurements with olfactometry Gygax et al. (2001)
data and correlation of physicochemical properties for
evaluation of fragrance performance

Definition of performance parameters like impact, tenacity, Calkin and Jellinek (1994)
diffusion, volume, and substantivity as well as important
properties for the evaluation of performance like the OV,
odor threshold, or log P

Prediction of the perceived odor of mixtures using the PTD Mata et al. (2005) Gomes, P. B. (2005)
methodology and also of their performance in terms of time
and distance using a model based on Fick’s Laws and
performance parameters commonly used by the industry

Proposal of perfume compositions comprising nonsubstantive Duprey et al. (2010)
fragrance materials in order to enhance product shelf life,
delivery effectiveness, and substantivity on different substrates

Methods of formulating fragrance products to mask the Fadel et al. (2009)
malodor of ammonia

Perfume compositions designed for use in wash-off systems to Fadel et al. (2008)
provide a high initial bloom with minimal residual perfume on
the targeted system and a long sustained release of fragrance

Methods and compositions of perfume mixtures to improve Heltovics et al. (2004)
the release of fragrance materials from an entrapment
structure on a surface over time

Source: Adapted with permission from Teixeira (2011). © 2011, M. A. Teixeira.
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Tenacity
Lasts 2 weeks
on a smelling strip.

STABILITY & PERFORMANCE
N RECOMMENDED | STABILITY | TYPICAL % USE SUBSTANTMITY & REMARKS
APPLICATIONS
— - fine fragrances | EEENE 1-10% Heart and base note
® shampoo EEER 1-56% wet: [ 111} dry: L[] ]]
e+ P shower gel EEE 1-5% bloom: EEE
ot soap 1T 05 - 5% foam: WEEME | dyhand: EEEE

detergent HEE 0.5-5% wet: L 1 1] dry: [ 1 1]

—a.— softener EEEE 05-5% wet: HEEE | dy: EEEE

' APC T 05-5% =
candle mEE 0.5-5% cold wax: HEE burning: HEE
start

Fig. 3.2. Typical evaluation compendium for fragrance ingredients (e.g., Habanolide™) from Firmenich.
Reproduced with permission by courtesy of Firmenich Ingredients Division, available at http://www.firmenich
.com/e-catalog/index.1bl. © 2012 Firmenich.

shown in Fig. 3.2. These terms are generally related to the persistence
of a fragrance on a paper blotter over time, although such an evalua-
tion may seem too simplistic (it is frequently observed a completely
different behavior of the fragrance when applied onto a textile or
the human skin). In fact, within the perfumery business, the sensory
evaluation of a pure fragrance ingredient or a formulated mixture is
primarily based on the quantification of human responses to physico-
chemical stimuli. This process encompasses olfactory evaluations often
carried out by perfumers but also by nontrained panelists as well.
Of course, this methodology involves using human noses as measuring
tools, either for a quantitative or for a qualitative and descriptive analysis
(Cortez-Pereira et al., 2009).

According to Calkin and Jellinek (1994), the performance of a
perfume is expressed by its ability to become noticeable. Thus, the
performance of a perfumed product starts in the optimization of its
composition, in order to obtain the maximum desired odor effect at
the lowest possible concentration. Yet, several questions still remain
to be unfolded: does the performance of a perfume depends on the
intrinsic performance of its constituents? Does the art of perfumery
involved in the formulation of the product also play a role in the per-
formance of the product? How should the performance of a perfumed
product be measured and, better yet, predicted?

In order to obtain a more precise and scientific perspective of how
a perfumed product will be perceived, one should account not only for
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the time variable but also for space (or distance from the source of
application of the perfume). In this way, the perfume is evaporating
and diffusing through the surrounding air over time and distance and
will be perceived differently depending on where we stand on these
two variables. For that purpose, the four performance parameters
defined above can be used and evaluated in order to define the lowest
possible perfume dosage that allows the desired maximum odor effect
(Cortez-Pereira et al., 2009; Teixeira et al., 2009a). There are some
other performance parameters that may be useful. The odor life of a
fragrance measures how long a fragrance note persists in the gas phase
above a liquid mixture (headspace) with intensity higher enough to be
smelled (e.g., with a concentration above its odor threshold value).
Another parameter that must be referred here is the fragrance sub-
stantivity: it deals with the tendency of an essential oil or fragrance
ingredient, when applied as a diluted aqueous solution, to bind itself to
a solid surface like the skin. This property measures the adhesion of a
fragrance to the substrate where it is applied, like its affinity to stay on
a surface when this is moistened (Calkin and Jellinek, 1994; Cortez-
Pereira et al., 2009). Some of the aforementioned odor performance
parameters can be evaluated quantitatively or qualitatively using dif-
ferent experimental techniques or models that will be discussed later in
this chapter.

3.2 THE RELEVANCE OF THE SELECTION
OF FRAGRANCE INGREDIENTS

Having in mind the large number of available fragrances in the market
(in the order of several thousands), it becomes easy to understand that
the possible spectra of combinations for these ingredients, which are
placed at the hands of a perfumer, are almost endless. This fact pre-
sents two direct implications: first, it allows the perfumer to expand
all his/her artistic creativity in the formulation of new fragranced pro-
ducts with fascinating organoleptic properties. But on the other hand,
it increases the entropy of such perfumery systems, especially at the
molecular level (where the presence of a chemical base or a slight
change in the selected composition may have undesirable effects).
Consequently, this last issue brings an additional difficulty in design-
ing new fragrances with improved performance and likeability for
customers.
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A parenthesis is made here to highlight that the F&F industry is
thoroughly regulated by international organizations. These main orga-
nizations are the Research Institute for Fragrance Materials (RIFM),
the International Fragrance Association (IFRA), and the REACH
(Registration, Evaluation, Authorization, and Restriction of Chemical
substances). These perform evaluations on chemical properties, their
use and application, and collect data from the published scientific
literature or suppliers’ reports, thus defining a “Code of Practice”
that may be accompanied by detailed recommendations (when appro-
priate), which can be used as voluntary guidelines by the industry to
restrict (or even forbid) the use of chemicals that are believed to be
potentially harmful for the human being. Additionally, some fragrance
companies also apply in-house “black lists,” thus imposing an even
more stringent restriction on the raw materials that their perfumers are
allowed to use (Abbe, 2000). Consequently, the imposition of such
restrictions causes a reduction in the number of available fragrances for
the formulation of new products. This complicates, even more severely,
the job for perfumers who are willing to obtain fragrances with a desired
olfactive target but simultaneously guarantee the stability and safety of
the final product.

Thus, the formulation of fragranced products (either fine fragrances
or functional perfumes like soaps, household cleaners, or detergents)
is a complex, slow, and costly trial-and-error process that involves
testing hundreds of different samples for the perceived odor (Calkin
and Jellinek, 1994). Strikingly, as if all the above were not enough
to make this job difficult, fragrances’ behavior in terms of release
(and propagation as well) may be completely diverse when incorpo-
rated in different matrices or supports. It is known that the perceived
odor released from such products may be completely different. That
has to do with the ratio of fragrance to solvent concentration, the types
of fragrance raw materials selected, and the interactions occurring
at molecular level between the fragrance ingredients and product
bases (Behan and Perring, 1987; Teixeira et al., 2009b, 2011). Such
fact complicates, even more, achieving a desired olfactive target and so
different perceptions of fragrances’ intensity and/or character can be
found.

Apart from that, the characteristic odor elicited from an essential
oil or a perfume may be due to a single ingredient with a major
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composition or to a trace component that evaporates rapidly and has
a low odor detection threshold (Ryan et al., 2008). Anyway, in most
cases the characteristic odor evaporating from a mixture is the result
of a multicomponent combination of different odors.

From the physicochemical point of view, several variables play a
role on the release of fragrance chemicals from mixtures (or from
the skin, a textile, or a paper blotter): the saturated vapor pressure of
each component, the octanol—water partition coefficient (or any
other suitable measurement of polarity), the diffusion coefficient, the
boiling point, the solubility in water, or even the molecular weight. In
fact, the search for highly blooming odorants is also relevant for fra-
granced products like detergents and shampoos, which generally are
applied in water dilution conditions. For such cases, for example, it is
considered that the physical properties of the fragrant molecules may
play a role on the perfume burst so that odorants with a partition
coefficient of at least 3.0 and a boiling point of less than 260°C may
be considered as having superior release properties (Fadel et al.,
2008). Nonetheless, it is obvious that this is a simplified perspective
of the problem because even within an emulsion system (as these
cases apply), molecular interactions are occurring and may influence
the release mechanism.

Independently of the pathway followed, the development of a
fragrance product includes several issues that need to be addressed.
So, from the point of view of the perception of fragrances incorpo-
rated into consumer products, the topics that must be taken into
account are listed below: some are known and controlled (unmarked),
other need to be better understood and controlled (marked with *),
and, finally, there are other more problematic topics that are still in
need of new technical routes and innovative approaches for their
accurate and reproducible measurement (marked with #) (Kerschner,
2006).

odor threshold of each perfume ingredient,
amount of product used by the consumer,
mixing of fragrance ingredients,

fragrance evaporation from mixtures*,
minimum concentration used in the product*,
odor quality of the base*,

degree of interaction with the base*,

Nk WD =
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8. effect of processing the product®,
9. fragrance perception by consumers”,
10. stability of the perfume during storage”,
11. interaction with the packaging”,
12. amount of perfume deposited and retained after the wash”,
13. rate of release over time and perfume performance”.

For these reasons, F&F companies are investing capital and
human resources in the design steps of their fragranced products for
the development of experimental methodologies and predictive tools
which, for example, may be capable of predicting VLE and dispersion
of fragrance ingredients to evaluate and model fragrance performance.

3.3 EVAPORATION OF FRAGRANCE CHEMICALS

The process of dissipation of a fragrance from a specific matrix presents
itself as an important step for the design and evaluation of novel fra-
grance materials or products containing fragrance ingredients. But it is
also used as an instrument to aid in the risk assessment of fragranced
products, namely for skin sensitization (Kasting and Saiyasombati,
2003). This is very importance because it is known that a wide range of
factors influence the way we perceive a fragrance that is evaporating
into the air. It is known that fragrance materials will behave differently
if they are evaporating from a liquid mixture, a paper blotter, or the
skin (where it varies from person to person as well). This is common
problem that perfumers have to face in the preformulation stage of a
fine fragrance (Burr, 2008).

Consequently, the evaporation of a fragrance mixture from a sub-
strate or a base depends on their physicochemical properties, molecular
interactions, temperature, or pH, just to mention a few. In this way,
the study of all the phenomena involved in the formulation, behavior,
release, diffusion, and perception of fragrances is of great importance.
Depending on the type of product and its final application, different
topics have to be circumvented by the R&D groups from the indus-
tries: (i) evaluation of both vapor—liquid or liquid—liquid (or even
vapor—liquid—liquid) equilibrium of mixtures composed by fragrance
ingredients at different temperatures may provide important informa-
tion for fragrance development (Arce et al., 2002; de Doz et al., 2008);
(i1) measurement of phase interactions for multicomponent mixtures
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composed by surfactants, water, and fragrance ingredients is also
valuable for the industry (Tokuoka et al., 1994; Friberg, 2009; Friberg
et al., 2009). As an example, Friberg et al. have thoroughly studied
different physicochemical properties in fragrance evaporation from
emulsion systems using ternary diagrams and algebraic calculations to
withdraw the evaporation paths of fragrance chemicals (Friberg, 2009;
Friberg et al., 2009); (iii) measurement of the solubility of fragrance
materials in water and alcohols is of great importance to define the
range of possible compositions where a perfume is a homogeneous
solution and to evaluate skin disorders, since they are used in a number
of cosmetic products (Domanska et al., 2008, 2010); (iv) studies involv-
ing humans for experimentation are also of relevance like the measure-
ment of evaporation and absorption rates of fragrances from the skin
(either in vivo or in vitro), and the development of theoretical models
for these phenomena (Kasting and Saiyasombati, 2003). Furthermore,
several studies concerning different topics within the evaporation and
diffusion of fragrances released from different substrates or bases can be
found in the literature. A nonexhaustive selection of reference works on
these fields is presented in Table 3.2.

It should be highlighted the research of Friberg and coworkers on
the mechanisms behind fragrance release from emulsion systems. In
their approach, they combine phase diagrams with algebraic calcula-
tions to withdraw information from these ternary diagrams, as illus-
trated in Fig. 3.3. In this example, the evaporation paths of linalool
emulsions were experimentally determined and compared to those
calculated from vapor pressures, for a series of emulsions with differ-
ent oil/water (O/W) ratios. In the ternary diagrams of Fig. 3.3 the
three-phase regions are indicated by a triangle delimited by the three
tie lines defining the composition of the aqueous liquid (Aq), the liquid
crystal (LC), and the oil phase (Oil). This is relevant since most studies on
this subject do not address the variation of the conditions during a pro-
longed evaporation (e.g., composition or the number and structures of
the emulsion phases) which is experienced in most emulsion applications.

Through their methodology, it is possible to predict the evaporation
path or the change in the vapor pressure during the evaporation
process of fragrance chemicals from an oil/water emulsion. Other
effects were also evaluated, to account for deviations from equilibrium
conditions in the evaporation of emulsions like the weight of relative
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Table 3.2. Summary of Relevant Previous Studies on Evaporation and Release

of Fragrances

Approach

References

From the skin

Measurement of the evaporation rates of fragrance
ingredients alone and in multicomponent mixtures with
and without fixatives using dynamic headspace

Vuilleumier et al. (1995)

Release of perfume from the skin and evaluation of the
physical and chemical interactions between them, using
headspace analysis with trap adsorbents

Behan et al. (1996)

Evaporation of fragrances using a skin substitute (in vitro)
and in vivo measurements with headspace techniques

Schwarzenbach and Bertschi (2001)

Evaporation of fragrances from the human forearm under
in vivo conditions considering evaporation and absorption
rate constants and estimation of the release using
physicochemical properties following nearly first-order
kinetics. Measurement and modeling of the evaporation
rates of fragrance ingredients in multicomponent mixtures
with and without fixatives using dynamic headspace

Kasting and Saiyasombati (2001, 2003)
Saiyasombati and Kasting (2004)

Measurement of fragrance intensity and base odor above
skin using panelists and a LMS

Cortez-Pereira et al. (2009)

Evaluation of the effect of skin properties on the release
of fragrances from the skin using dynamic headspace
traps and the OV concept

Baydar et al. (1995)

Study of fragrance performance by measurement of vapor
concentrations over time and evaluation of pleasantness
of the aroma in the vicinity of the fragranced skin

Baydar et al. (1996)

Comparison of the vapor phase around a plant and the
oil applied on the skin using solid phase-micro extraction
(SPME) technology and study of the effect of skin
properties on the release

Mookherjee et al. (1998)

From liquid mixtures

Evaporation from ethanol—water solutions was measured
in a wind tunnel using a circular cell and modeled with
Gibbs adsorption equation

Speading et al. (1993)

Development of a methodology for the prediction of the
perceived odor of ternary to quaternary mixtures using
the PTD and the diffusion of fragrance mixtures in the air
using the Fick’s Law

Mata et al. (2005)

Prediction of the evaporation and diffusion of fragrance
mixtures in the air using VLE methods and a model based
on the Fick’s Law

Teixeira et al. (2009a)

Measurement of vapor compositions in equilibrium with
the liquid phase of fragrance mixtures and comparison
with different VLE predictive methods and human
olfactory evaluations

Teixeira et al. (2011)

(Continued)
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Table 3.2. (Continued)

Approach References

From emulsions

Calculation and measurement of evaporation paths of Aikens et al. (2000);

several fragrances in oil emulsions using phase diagrams Friberg (1998, 2007); Friberg et al. (2010)
and modeling by algebraic methods using physicochemical
properties. Different emulsion systems were evaluated
mostly of the type surfactant—fragrance—water. Different
properties of these systems with influence on the
evaporation rate were evaluated

Evaluation of the hypothesis that odor intensity is Brossard et al. (2002)
controlled by the concentration of the aqueous phase of
an oil-in-water emulsion using the headspace technique

Measurement of the release of fragrances (and study Ternat et al. (2008)
of the presence of ethanol) from amphiphilic multiarm
star-block copolymers using thermogravimetry and
dynamic headspace analysis

Other applications

Evaluation of the substantivity of fragrances applied in Escher and Oliveros (1994)
laundered and dry-out fabrics. Correlation of the affinities
of fragrances in standard fabric softener and detergent
solutions using the octanol—water partition coefficient

Evaluation of the deposition of fragrances on textiles and Stora et al. (2001)
their evaporation using perfumed fabric softeners was
measured in a headspace cell

Olfactory evaluation of the odor intensity of different Martel et al. (2002)
types of fabrics finished with cyclodextrins and
impregnated with fragrances was performed for over a
year using OVs

Microencapsulation of fragrances for industrial Rodrigues et al. (2009)
application on fabrics and evaluation of the release upon
abrasion and washing cycles

Impregnation of microcapsules containing fragrances in Specos et al. (2010)
fabrics and evaluation of the released fragrance before
and after washing using an electronic nose

Online measurement of fragrance release from cotton Haefliger et al. (2010)
towels impregnated with microcapsules using a cryogenic
system for headspace analysis

Measurement and prediction of the evaporation of Teixeira et al. (2011)
fragrances from microencapsulated textiles, their
diffusion, and perception in the surrounding air

Adapted with permission from Teixeira (2011). © 2011, M.A. Teixeira.

humidity on the evaporation rate or the growth and reduction of phase
volumes at nonequilibrium conditions (Bozeya et al., 2009).

On the other hand, the evaporation of fragrance materials involving
clinical trials such as the release from the skin (e.g., forearm) is also of
great relevance although experiments of in vivo release of fragrant
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Fig. 3.3. Evaporation paths for three emulsions with different initial compositions (A, B, C) for the ternary sys-
tem of water (W), linalool (L), and surfactant laureth-4 (S). Open triangles represent experimental values and
black squares are calculated compositions. Adapted with permission from Al-Bawab et al. (2009). © 2009, John
Wiley & Sons.

chemicals are scarce in the literature. In this way, the volatiles released
from the skin could be identified and quantified, and then the odor
intensity could be calculated over time, using for example the odor
value (OV). It is also possible to obtain valuable information from the
literature about parameters influencing the evaporation process from
the skin: the effect of physical properties of the skin, the mechanism of
absorption into the skin, or the kinetics of the release, among others. It
is known that the skin interacts with fragrance chemicals and appears
to substantially slow down their evaporation (especially with oily skin,
see for example (Baydar et al., 1995) for a comparison with free evapo-
ration from a glazed surface). This behavior has to do with complex
fragrance—skin interactions. The skin effect on each component of
a fragrance mixture varies depending on its nature (e.g., polarity,
molecular size, among others). Within this issue, it would be reason-
able to expect that moderately hydrophobic ingredients would present
higher affinity for the oil phase on the skin, and thus be held more
strongly than others. Conversely, the presence of perspiration may
drive off very hydrophobic materials such as terpenes (Behan and
Perring, 1987). Another consideration is that the skin, like any other
biological tissue, may act as a reservoir for fragrance chemicals which
can be absorbed and, consequently provoke skin sensitization. To eval-
uate the balance between percutaneous penetration and evaporative
losses of fragrance from the skin, the ratio of the chemical—physical
properties of vapor pressure to the product of its octanol—water
partition coefficient and its aqueous solubility can be calculated to give
some reasonable approximation of the phenomena (Guy, 2010).
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Finally, it is also important to address the application of fragrance
materials on fabrics and evaluate their release and performance in
air. There are several studies on the development of polymeric micro-
capsules containing fragrances inside for impregnation into fabrics
and posterior evaluation of the released volatiles after dry washing
or abrasion cycles using HS-GC, cryogenic systems coupled with chro-
matography, electronic noses, or olfactory evaluations, as shown in
Table 3.2. In this way, depending on the type of product (e.g., liquid
soap, detergent, and bath oil) in which a fragrance is incorporated
(which also influences the selected concentration) it is not surprising
to observe a variation in the vapor composition that will change
fragrance intensity and/or character as perceived by the nose. The pri-
mary explanation would arise from the dilution process itself, which
has to do with the psychophysical properties of the fragrance and the
solvent (e.g., saturated vapor pressure and molecular weight). Yet, for
different product bases which themselves have very weak odors, it is
seen that using the same perfume dilution results in a significantly dif-
ferent odor perception. For that reason, molecular interactions within
a product play an important role in the evaporation of the fragrance
ingredients.

3.4 DIFFUSION OF FRAGRANCES

Whether it is a detergent, a shampoo, or an air freshener, the perfor-
mance of such products is measured not only by their efficiency for the
function they were designed for but also by the fragrance intensity and
quality released during application. Thus, the evaluation of fragrance
diffusion becomes a central topic to assess and quantify fragrance per-
formance. Although this is not deeply investigated in terms of perfum-
ery, there is no doubt that fragrance dispersion will influence consumer
likeability and, consequently, product sales.

The description of diffusion processes involves the use of mathemati-
cal models based on some fundamental law. For such a law, there are
essentially two common choices: the simplest is the Fick’s Law which
makes use of a diffusion coefficient parameter and is commonly used
to describe diffusion processes alone. On the other hand, there is a
different approach that involves the use of a mass transfer coefficient
(Bird et al., 1960, 2002; Cussler, 2007). The preference of one approach
over the other, according to Cussler (2007), is the result of a compromise



Performance of Perfumes 75

between ambition and experimental resources. If it is desirable to follow
a more fundamental perspective, diffusion coefficients should be
preferred. But if a more approximate and phenomenological experiment
is planned, then such approximation would lead to mass transfer
coefficients. From a Product Engineering perspective, it is important to
have a predictive model for fragrance diffusion. Thus, the diffusion
coefficients’ approach has been followed.

3.4.1 Perfume Diffusion Model

Let us consider the simplest problem of fragrance diffusion, allowing
only one direction for the process. A liquid fragrance ingredient or
a perfume mixture will be evaporating into the air above. Vapor
molecules will, then, start to diffuse and propagate in the surroundings
and will eventually reach our nose to be perceived with some intensity
and recognized with some olfactory quality. In order to model that
we need a diffusion model capable of simulating the propagation of a
liquid perfume mixture over time (¢) and distance (z). This physical
system is presented in Fig. 3.4 and consists of a very small volume of
liquid perfume that is evaporating in the air over time and diffusing
upward through the gas phase (air) above it. The liquid mixture is
considered nonideal (for mixtures), with a small volume as it typically
happens when we spray perfume on our body. Due to the low volume of
perfume considered in this study (assumed to be 1 mmol~ 50—100 pL),
it is expected that mass transfer resistances in the liquid phase can be
neglected. This assumption is based on the following:

1. The methodology is being applied to perfume utilization, that is,
when a perfume is sprayed on the skin or clothes.

Z=Z
x Headspace max
(-

c (t.z)

Liquid phase

Fig. 3.4. Scheme of the simulated liquid and gas phases of the perfume system. Adapted with permission from
Teixeira et al. (2009a). © 2009, Elsevier.
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2. It was considered an equivalent area of the liquid—gas interface
of 0.071 m? (~0.3 m of diameter), which gives a liquid thickness of
approximately 10~ m. Under these conditions, we are well below the
film thickness usually considered for mass transfer resistance in the
film theory, 10~% to 10~> m for liquids (Taylor and Krishna, 1993).

Thus, mass transfer resistance in the liquid phase was neglected and
the liquid was assumed as perfectly mixed. Consequently, we have fol-
lowed the approach of Fick for describing the diffusion of fragrances
in air.

Moreover, it is expected that both volume (V) and composition (x;)
of the liquid mixture will change with time as the perfume evaporates.
The composition of the liquid mixture is defined by the number of
moles of each intrinsic component (#;) while the composition of the gas
phase is determined by the molar concentration (c;) of each fragrance
ingredient. Throughout this study, both pressure (P) and temperature
(T) are assumed to be kept constant while evaporation takes place.

3.4.1.1 Gas Phase

It is considered that the diffusion of the fragrant molecules in the gas
phase occurs in the axial direction only (z, 1D). It is also assumed that
the surrounding air is not soluble in the liquid, while simultaneous con-
vection processes and interactions between the fragrant gas molecules
and the surrounding air molecules are not occurring (ideal gas phase).
In order to account for the transient state of the phases involved in
this phenomenon, a mass balance is calculated over the gas control
volume, AV = AAz, being V the total gas control volume, A4 the cross-
section area, and z the axial coordinate, as shown in Fig. 3.4. There
we have applied the Fick’s Second Law for diffusion to describe the
perfume diffusion model in the gas phase. Note, however, that Fick’s
Law does not account for interactions between gaseous molecules (and
so is only suitable for a diluted gas, while the Maxwell—Stefan theory
for diffusion could be used instead to take into account binary interac-
tions for a concentrated gas phase) (Crank, 1975; Taylor and Krishna,
1993; Bird et al., 2002). This assumption seems reasonable for most per-
fume applications. In this way, it is possible to mathematically describe
this process by the following partial differential equation (PDE):

Wi _p O
or a2

3.1)
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where y; represents the mole fraction of odorant i in the gas phase and
is linked to the vapor concentration by the relationship: y; = c/cr,
and ¢r= P/RT a constant value once the gas is considered ideal. The
diffusion coefficient of odorant i is given by D,, and ¢ is time.
Diffusion coefficients can be experimentally measured or calculated by
correlations available in the literature. We have been using the method
of Fuller et al. (for further details, see (Teixeira et al., 2009a)) which
has proven to yield the smallest average error (Poling et al., 2004).

However, note, that the approach we are following is very similar to
the well known Stefan tube problem (Lee and Wilke, 1954; Heinzelmann
et al., 1965) which considers a liquid that is evaporating into a stagnant
gas film with a stream of air sweeping at the top of the tube. The solution
proposed by Stefan can be derived from Fick’s First Law as a function of
the molar flux relative to stationary coordinates as expressed by Bird
et al. (1960). The slight difference between this approach and the one we
are following here is that the former considers not only the diffusion
molar flux of the fragrant species (diffusing with the current) but also its
molar flux resulting from the bulk motion of the fluid (induced flow of
the vapor species). Nevertheless, our studies have not shown significant
differences between the two models for the specific problem studied here
because we are dealing with highly diluted vapor concentrations (y; is
very small).

3.4.1.2 Liquid Phase

As previously discussed in this chapter, the liquid phase was considered
as a nonideal mixture of fragrance ingredients dissolved in ethanol and
water. The vapor—liquid equilibrium (VLE) assumed to be established
at the liquid—gas interface was predicted using the UNIFAC method.
Since the evaporation and diffusion processes of a mixture of fragrance
ingredients is a transient process, a mass balance was defined in the
liquid phase as presented by the following ordinary differential equa-
tion (ODE):

dn 0y;

7; = Di,airAlgch i (32)

z

where n; is the number of moles of component i in the liquid phase
and A, is the area of the liquid—gas interface. Once we are dealing
with PDE, it is necessary to define initial and boundary conditions for
our system.
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Initial Conditions (IC)
Gas Phase

t=0: yi=»,=0 (3.3)
Liquid Phase

t=0: n; = nj, or x; = Xxj, (34)

where x; is the mole fraction of component i in the solution and x;,is
the initial mole fraction of component i in the liquid mixture.

Boundary Conditions (BC)

Two boundary conditions are defined ahead, at the left and at the
right side of the domain of our system, as follows:

t>0:

7P 7P
z=0:y;= X; = 3.5
yl P 1 P Zi ni ( )

2= Zmax: Yi =0 (3.6)

It is to be highlighted that the mole fraction of the ith component
of a mixture of N components (y;) at z =0 represents the composition
in equilibrium with the corresponding component mole fraction in the
liquid phase (x;). The VLE condition assumed at the interface was
calculated using the UNIFAC method for the prediction of the activity
coefficients (v,). It should be highlighted that our group has evaluated
different group-contribution methods for estimating this parameter.
The UNIFAC method has shown to be the best when compared with
experimental data and proved to be perfectly suitable for accurately
predicting the vapor compositions which allowed the calculation of
odor intensities that were very close to olfactory evaluations performed
by panelists. For further details on this topic, we encourage the reader
to follow the literature (Teixeira et al., 2011). The numerical solution
of the systems of PDE (ternary or quaternary mixtures will have
six or eight paired differential equations, respectively) was computed in
MATLAB using the pdepe package for numerical computation
of PDE. The domain of integration and solution was defined by
z€[z4,, Zmax], Where z4, =0 corresponds to the liquid—gas interface.
Furthermore, the time integration was calculated over the domain of
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te[0, tmaxl, where the limit on the right side could vary from hours to
days, depending on the scope of the study. Further details on this
model can be found in the literature (Crank, 1975; Cussler, 2007;
Teixeira et al., 2009a).

3.4.2 Performance of Quaternary Fragrance Mixtures

The performance of several fragrance mixtures will be evaluated for
both quaternary and quinary mixtures of the type top note + middle
note + base note + solvent(s). The selected fragrance ingredients, their
physicochemical properties, and the diffusion coefficients in air are
presented in Table 3.3 while the mixtures are presented ahead:

limonene + geraniol + vanillin + ethanol,

limonene + geraniol + galaxolide + ethanol,
limonene + geraniol + vanillin + ethanol + water,
limonene + geraniol + galaxolide + ethanol + water.

b e

The evaluation of the performance of these fragrances will address
their release and propagation over time and distance from the source.
First, the diffusion model was applied to simulate the evaporation
and diffusion of the two quaternary mixtures with a selected initial
composition as defined in Table 3.4. The obtained odor profiles for
the simulations with mixture 1 are shown in Fig. 3.5, using both the

Table 3.3. Physicochemical properties for the selected fragrance chemicals

Name Molecular | M; (ghmol) | P (Pa) ODT; P M; | Djair (mzlh) n
Formula (gim®) ODT;-RT

Limonene® | CyoH¢ 136.2 20.5 % 10 245%x 1073 | 4.60%10% | 2.214x 1072 | 0.37

Geraniol® | C1oH;s0 | 154.3 26.7% 107" | 2.48x107° | 6.70x 10° | 2.138 X 1072 | 0.36

Vanillin® | CgHgO3 152.2 16.0x 1073 | 1.87x1077 | 525x10° | 4.111 x 1072 | 0.31

Galaxolide | CgHxO | 258.4 72.7% 107" | 6.30x 1077°| 1.20 x 10* | 1.924 x 1072 | 0.36
S | Ethanol* | C,H¢O 46.0 72.7%10% | 5.53x1072 | 2.44x10° | 4.469 x 1072 0.58

Water H,O 18.01 3.17 X 103 - - 9.132x 1072 | —

Diffusion coefficients calculated by Fuller et al. (1966). The ratio of odorant properties is a measure of the
potency or blooming of a fragrance ingredient that can be used as a single component or within a mixture of
fragrances.

“From Calkin and Jellinek (1994).

®From Balk and Ford (1999).

“From Frater et al. (1999).

“From Devos et al. (2002 ).

Source: Adapted with permission from Teixeira et al. (2009a). © 2009, Elsevier.
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Table 3.4. Comparison of the OV and Power Law Models at Different Times During

Evaporation, for Perfumery Systems 1 and 2

Mole Fractions (60 Power Law

Time (s) | xa Xp Xc Xs OV, | OV | OVe | OVs [ da | Y8 | Y | Ps
System 1—Mixture P1
Plinitial 0.0 0.120 | 0.120 | 0.060 | 0.700 | 2947 | 840 | 343 | 1862 [ 19 |11 | 6 79
Pla 14.4 0.288 1 0.391 | 0.196 | 0.125 | 3246 | 2396 | 3237 | 365|20 [ 16 | 12 | 31
Ply 72.1 0.192 | 0.497 | 0.250 | 0.061 | 2476 | 3108 | 3614 156 (18 |18 | 13 | 19
Plc 198.4 0.110 | 0.565 | 0.286 | 0.039 | 1612 | 3653 | 3646 94 (15 |19 | 13 | 14
System 2—Mixture P1
Plinitial 0.0 0.120 | 0.120 [ 0.060 | 0.700 | 2142 | 764 | 2559 | 2038 [ 17 | 11 | 17 | 83
Pl 14.4 0.332 | 0.401 | 0.201 [ 0.067 | 2089 | 3337 | 3421 361 |17 [ 19 | 19 | 30
Ply 72.1 0.274 | 0.463 | 0.233 [ 0.030 | 1730 | 3837 | 4032 156 | 16 | 19 | 20 | 19
Plc 198.4 0.207 | 0.514 | 0.260 | 0.019 | 1340 | 4155 | 4640 94 (14 |20 |21 | 14
Boxes highlight the component with the maximum odor intensity (dominant odor).
Source: Adapted with permission from Teixeira et al. (2009a). © 2009, Elsevier.
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Fig. 3.5. Comparison between the odor profiles for mixture I using the OV (left) and the Power Law (right) as
odor intensity models. These profiles show the evolution of the perceived odor near the point of release (z=0m).
A: limonene, B: geraniol, C: vanillin, S: ethanol. Adapted with permission from Teixeira et al. (2009a). © 2009,

Elsevier.
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OV and Power Law models, for the initial mixture composition of 1
(see Table 3.4).

These odor profiles show some differences, starting by the different
scales of the two models for describing odor intensity. However, apart
from that it is seen the initial dominant odor is not the same if we
use the OV or the Power Law: in the former case, it is limonene that
is more strongly perceived, while in the last it is ethanol. Yet, despite
that difference in the first odor impression (which corresponds to
the performance parameter—impact—and is only perceived near the
liquid—gas interface where we assumed VLE conditions), after some
time of release the dominant odorant is geraniol for both cases. Such
fact is clearly seen in Table 3.4: while it takes nearly 80 s for geraniol
to become dominant when the Power Law model is used, around 200 s
are needed with the OV model. Consequently, this is clearly not a
significant difference in terms of odor perception, even more because
when perfumers or customers are evaluating fragrances there are
convection phenomena occurring simultaneously which speed up the
release mechanism. Then, both odor intensity models give similar odor
profiles over time. Note, however, that the high impact of ethanol pre-
dicted with the Power Law can be decreased by introducing water in
the solution (as will be shown later) or using a polar fixative ingredient
that will tend to retain in the liquid the more polar components (as it
is often done in perfume formulation).

At this point, if we combine these fragrance diffusion data with the
PTD® methodology presented in Chapter 2, it is possible to confirm
the evolution of the perceived odor over time as shown in Fig. 3.6
for some selected times presented in Table 3.4. In the PTDs it is also
represented the evaporation lines for the initial mixtures (Pliuigal)
which show the evolution of the dominant scent over time (as well as
the liquid composition). It is clear that these evaporation lines cross
different odor zones as the evaporation takes place, resulting in a
different olfactory perception over time. These PTDs simulated at dif-
ferent times (14.4 s, 72.1 s, and 198.4 s) during the release process show
significant differences in the odor zones over time. As we have seen
before, this is mostly due to the presence of the complex molecule of
vanillin and the high exponent of ethanol for the Power Law. Vanillin
interactions with the remaining ingredients are extremely difficult to
predict because it is a highly multifunctional molecule (hydroxyl,
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OV model Power Law
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Fig. 3.6. PTD of perfume system 1, using the OV model (left) and the Power Law (right) at different times after
application (14.4, 72.1, and 198.4 s). This perfumery system is composed of limonene ( A) + geraniol (B) + vanil-
lin (C) + ethanol (S). Adapted with permission from Teixeira (2011). © 2011, M.A. Teixeira.

ketone, and ether groups attached to an aromatic ring). In the case of the
Power Law, it is seen that the ethanol odor intensity becomes significantly
higher than any of the remaining fragrance ingredients and its odor zone
dominates a large part of the PTD® as well. Nevertheless, the PTD®
represents only the perception near the vapor—liquid interface or the
source of release, and that is when the evaporation of ethanol is more sig-
nificant. After the initial times, it is seen in the PTDs the same behavior
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Fig. 3.7. Representation of the evaporation lines for two ternary mixtures with compositions Py = [x,4=0.780,
xp=0.200, xc=0.200] and Py = [x,=0.400, xp=0.400, xc=0.200], and a quaternary mixture of
P = [x4=0.200, xp=0.100, xc = 0.200, x5 = 0.500], using the OV and Power Law models.

as that predicted by the diffusion model: geraniol becomes the dominant
note either using the OV or the Power Law for intensity of odors.

It is also possible to observe how the perfume mixture evolves
throughout the evaporation process for different initial compositions
as presented in Fig. 3.7. Depending on the selected (initial) composi-
tion, evaporation lines cross different odor zones at distinct times, thus
showing that the perceived odor will be different over time.

A similar analysis can be performed for mixture 2 where the base
note has been changed to galaxolide. The corresponding diffusion
profiles for this case are presented in Fig. 3.8 for the OV and Power
Law models as well. In this case, the similarities of the odor profiles
are visible for times over three min, as previously seen in Table 3.4 for
the dominant odor (galaxolide dominates the odor character, followed
by the middle note—geraniol—and top note—limonene—after this initial
period of time). Once more, in the beginning of the release of the fra-
grance mixture there are some differences in the prediction of the odor
character between the two models: in analogy with mixture 1, here it is
seen that ethanol is also strongly perceived and dominates the first
impact when the Power Law is used, while galaxolide is more strongly
perceived when the OV model is applied.

As we know, during the release of the perfume mixture, odorant
molecules evaporate and diffuse into the surrounding air above the
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Fig. 3.8. Comparison of the odor profiles for perfume mixture PI of the quaternary system 2, using the OV (left)
and the Power Law (right) as odor intensity models. Adapted with permission from Teixeira et al. (2009a)).
© 2009, Elsevier.

liquid. Throughout this slow process, the liquid composition is changing
over time because fragrance molecules have different volatilities and
interactions with the medium (thus different rates of evaporation and
diffusion as well), and so the perceived odor character evolves with time
and distance. Consequently, it is not a surprise for the reader that
changing the initial composition of the perfume mixture may completely
change the perceived odor (over time and distance): such fact means
that it will be also changing the performance of the perfume.

Taking into account this effect between the liquid and the vapor
phases, it is possible to represent evaporation lines in the PQ2D™
to show the evolution of the odor and predict its future perception.
Fig. 3.9 represents evaporation lines for the two quaternary mixtures
studied here. These lines represent the paths of the perfume mixtures
(the evolution of the composition in the remaining perfume) as they
are evaporating and diffusing in the air. The color scheme allows
identifying the dominant odorants considering the Power Law model.
It is seen that throughout the release and diffusion of the perfume
mixtures, evaporation lines cross different odor volumes in the PQ2D®
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Fig. 3.9. Perfumery evaporation lines plotted in the PQ2D™ for the quaternary system 1 (left) and system 2
(right) with different initial mixture compositions. Adapted with permission from Teixeira et al. (2010).
© 2010, John Wiley & Sons.

(the color of the evaporation line changes over time) which means
that the dominant smell is changing. Note, however, that the shape
of the evaporation path is strongly dependent on the initial mixture
composition, though they all follow the same trend: initially, they are
characterized by a steep curve due to the fast evaporation of ethanol.
Then the evaporation lines approximate the geraniol—vanillin or
geraniol—galaxolide Perfumery Binary Surface, because limonene is
very volatile. Finally, evaporation lines tend to approach the vertex
of the base note (vanillin or galaxolide) since it is the heaviest
fragrance component.

Finally, the evaluation of the performance of fragrance mixtures
can be better visualized if we represent the dominant odor in a 2D plot
of distance versus time, as shown in Fig. 3.10. This representation is
called a performance plot in analogy with Fig. 3.1 where we can
clearly see where the four performance parameters fit in the distance
versus time diagram. For this particular quaternary mixture with the
selected composition of Table 3.4 we see that ethanol dominates
the initial impact of the perfume mixture, just followed by limonene.
The other performance parameters are dominated by geraniol for
tenacity and vanillin for diffusion and volume properties. Such behav-
ior for a simple perfume mixture shows how the perceived odor
may change with time and, consequently, how is the evolution of the
performance of the fragrance. It should not be neglected that although
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Fig. 3.10. Performance plot for the mixture limonene + geraniol + vanillin + ethanol showing the isolines for odor
intensity. Adapted with permission from Teixeira (2011). © 2011, M.A. Teixeira.

we are performing this analysis in respect to the dominant odor, the
perceived mixture will always be a blend of the different fragrance
ingredients involved.

3.4.3 Performance of Quinary Fragrance Mixtures

The majority of the fragrances available in the market possess water
in the formulation or are designed to be applied in aqueous systems
(e.g., detergents or shampoos). Moreover, water is a very unique
molecule which has some particularities like high polarity and strong
ability to establish strong hydrogen bonding. Consequently, the effect
of water might be of relevance in terms of fragrance release and propa-
gation in air. We have previously addressed partially this topic in
Chapter 2 when we evaluated the effect of water in the impact of the
initial odor. To evaluate the effect of water on perfume performance,
we can just add water to the perfume mixtures used before (mixtures 1
and 2 in Table 3.4). These new mixtures, called 3 and 4, and presented
in Table 3.5, are similar in terms of composition to the previous
mixtures 1 and 2 (number of moles in the initial quinary mixture is
equal to the quaternary ones, for all the fragrance ingredients and
ethanol, thus only water was added in a mole fraction of 0.45).
Consequently, the composition of quinary systems in a water free
basis is the same as the composition of the corresponding quaternary
systems. The evaporation profiles of the two quinary perfume mixtures
are presented in Fig. 3.11 using the Power Law as the odor intensity
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Table 3.5. Odor Intensity Values Using the Power Law Model at Different Times

During Evaporation for the Quinary Mixtures 3 and 4

Mole Fractions Power Law

Time (s) | xa Xp Xc Xs XH,0 KN | Vg | b | bs | Vi,0
System 3—Mixture P1
Plinitial 0.0 0.066 0.066 0.033 0.385 0.450 24 11 3 53 -
Pla 14.4 0.233 0.331 0.166 0.145 0.125 20 16 10 32 -
Plp 72.1 0.173 0.466 0.234 0.063 0.064 18 18 12 19 -
Plc 198.4 0.103 0.541 0.273 0.040 0.044 15 19 12 14 -
System 4—Mixture Pl
Plinitial 00 |o0066 |[o0066 0033 |0385 [0450 |21 10 |16 |54 |-
Pla 14.4 0.301 0.368 0.184 0.078 0.069 17 18 18 32 —
Pl 72.1 0.262 0.448 0.225 0.032 0.033 16 19 20 19 —
Plc 198.4 0.201 0.503 0.254 0.020 0.023 14 20 21 14 —
Grey Boxes represent maximum odor intensity. Although water is a chemical component within this mixtures,
it is not perceived by the human nose.
Source: Adapted with permission from Teixeira et al. (2010). © 2010, John Wiley & Sons.
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Fig. 3.11. Evaporation profiles for the quinary mixtures of system 1 (left) and system 2 (right) using the Power

Law model.
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model. Furthermore, the predicted compositions for some selected
times after release has started are shown in Table 3.5.

If we compare the quaternary (Table 3.4) and the quinary mixtures
(Table 3.5) for the Power Law model, it is possible to see that in
the latter, ethanol is less dominant when water is introduced in the
formulation (although there is also some dilution effect). This is a fact pre-
viously observed by other authors as we have reported in Chapter 2 when
addressing the effect of matrix on the release of fragrances. Clearly, water
has a retention effect on ethanol which can be explained by the strong
affinity (hydrogen bonding) between them. Consequently, it slows down
the evaporation of ethanol from the liquid mixture, thus reducing its high
initial odor intensity. The presence of water in the perfume formulation
provides another effect: it enhances the release of the top note, limonene.
This can be explained by the fact that the higher the water content, the
higher the polarity of the mixture will be and so it will tend to push out of
the solution the nonpolar fragrance ingredients (like limonene).

Once more, although ethanol presents a high odor impact (in the
first moments) when using the Power Law model, we are considering
here only diffusion effects. If convection is considered, it would make
the results from OV and Power law models similar. Furthermore, the
fragrance mixtures studied here are simple with only three to five com-
ponents, while commercial perfumes, for example, may have dozens of
compounds in their formulation, some of which will play decisive roles
on the release of others.

3.4.4 Evaluation of Commercial Perfumes

So far, we have been studying ternary to quinary mixtures of a defined
and known composition. However, it is unquestionable that for the
fragrance business it is common practice to use larger number of
fragrance ingredients in a formulation. Perfume mixtures can differ
in complexity and be applied in different products with different
bases/matrices. Here, the evaporation and diffusion of two commercial
perfumes will be addressed without delving into much detail due to the
complexity of its nature and the difficulty of its validation. The odor
profiles for Gloria (Cacharel) and L’air du Temps (Nina Ricci) are
presented in Figs 3.12 and 3.13, respectively.

These commercial perfumes were analyzed by gas chromatography
coupled with mass spectrometry (GC-FID-MS) for the quantification
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Fig. 3.12. Diffusion profiles for the commercial perfume Gloria ( Cacharel) at z= 0 m and z= 2 m from the releas-
ing source. Adapted with permission from Teixeira (2011). © 2011, M.A. Teixeira.

and identification of the major fragrance ingredients. Nevertheless, the
purpose here is to show a qualitative perspective obtained for more
complex mixtures (closer to real perfumes). From that point, the odor
model presented previously in this chapter was applied for the diffu-
sion of the different components and the OV concept was used due to
the large number of components in the mixture (and lack of available
Power Law exponents). It is possible to observe that there is a large
number of fragrance ingredients in these perfumes with different
roles in it. Some are more strongly perceived than others (higher OV)
depending on the time and distance from the source, thus contributing
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for the perceived overall odor. This is one of the reasons behind the

complexity and success of perfumes.

3.5 CONCLUSION

In this chapter, we have presented our approach to predict the perfor-
mance of fragrance ingredients and mixtures. Four key performance
parameters are those which account for the diffusion of the fragrance
notes, that is, the effect of time and distance on the perception of the
ingredients. These performance parameters are the so-called Impact,
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Diffusion, Volume, and Tenacity. The first part of the chapter was
devoted to the evaporation of the ingredients. Using models from
Thermodynamics (group-contribution models), we are able to predict
activity coefficients. These activity coefficients can then be used to
predict the vapor compositions of the ingredients in equilibrium with
the liquid perfume. We have demonstrated that a good accuracy can
be obtained in such predictions, both in terms of compositions and in
terms of predicted odor (when the model is combined with an odor
intensity and perception model). Then a diffusion model, based on
Fick’s Second Law, was presented. This model, based on PDEs to be
solved simultaneously, allows predicting the diffusion profiles of each
ingredient in the perfume formulation. We have showed the results
for several examples, from quaternary mixtures to some commercial
perfume formulations. The diffusion profiles allow identifying the key
ingredients responsible for the impact, diffusion, volume, and tenacity
of the perfume, or in other words, the performance of fragrances.
Moreover, a new type of performance diagram is presented that shows
these four key performance parameters together in a 2D odor map.
This “performance plot” (see Fig. 3.10) provides in a simple perspective
the main olfactory effects of a perfume formulation in terms of time and
distance.
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The qualitative classification of fragrances by words or descriptors is
a difficult task, and so its prediction (using any kind of theoretical
model) is even more complex. If the former is addressed by experts
in perfumery, the latter is mostly considered as utopian, at least in
forthcoming years. That is why F&F companies have been doing this
job on the basis of sensorial analysis performed by their experienced
perfumers, who use multiple (and sometimes complex) odor descriptors
to map the olfactory space. However, because the universe is not gov-
erned by laws that approach to ideality but instead foresee the increas-
ing of entropy, the way we perceive odor quality varies from person
to person and so remains difficult to explain. Consequently, there are
significant differences between the classifications obtained from
different F&F companies. As a result, once again, human empiric
knowledge and expertise rules this job. Altogether, these facts make it
virtually impossible to believe in a classification of fragrances with
universal acceptance.
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Still, wouldn’t it be wonderful to establish a systematic classification
of fragrances using scientific knowledge, and so reducing interpersonal
variability? The avid search for the answer to this question was
probably the biggest motivation for the development of what would be
named, the perfumery radar (PR). This was a long-developed idea
which started in 2005 at the LSRE, and was first presented to the
scientific community in 2004 (Mata et al., 2004) and later published in
an international scientific journal in 2010 (Teixeira et al., 2010). It
turned out to be a highly appreciated work with various endorsements
and advertisings in both national and international press. Surprisingly
or not, it got attention from the international community long before
the national one. But before going into the details of this novel tool for
perfume classification, let us explore further the way we classify odors,
highlighting also the obstacles we find doing it.

4.1 THE PERCEPTION OF ODORS

The classification of odors with descriptors has long been studied though
we were not able yet to fully understand the process: interpreting the
biochemical processes behind olfaction is akin to looking for a needle in
a haystack. Consequently, there is not a universal classification of odors
into olfactory classes (Chastrette, 1998; Distel et al., 1999; Lawless,
1999; Pintore et al., 2006; Gilbert, 2008; Haddad et al., 2008; Zarzo
and Stanton, 2009). The F&F industry should be understood as an
R&D-oriented business, and these departments receive huge invest-
ments: construction of equipments and development of techniques for
extraction of essential oils and chemical analysis, or finding new
synthetic routes for fragrant molecules. Despite this, they are still far
from mastering other topics such as the simulation of odor quality. The
reason behind this lack of knowledge is due to the fact that odor recog-
nition involves neuronal decoding, apart from the physiological and
biochemical processes occurring at the nose level. The human nose,
together with the olfactory receptor (OR) cells and their transduction
within the brain, results in a complex but somewhat limited system for
perceiving odors. In fact, we may be able to detect odorants at lower
concentrations than a gas chromatographic equipment but, at the
same time, we can only distinguish few chemicals presented in a mixture
of hundreds of different odors (e.g., coffee has nearly 800 chemical
compounds in its composition: How many can a consumer perceive?
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And an expert? As we will see, this number will certainly be small;
Parliment, 2002).

Apart from the great progresses made in the recent past on olfac-
tion, we are still taking small steps in understanding all the processes
within its mechanism. The relevant work of Buck and Axel on the
discovery of the large family of ORs revolutionized the understanding
of olfaction (Buck and Axel, 1991; Axel, 2005; Buck, 2005). It was
not surprising, they were awarded the 2004 Nobel Prize in Physiology
or Medicine. Additionally, in food chemistry and flavor science much
has been done aiming to characterize the odor of food and drinks
(Fisher and Scott, 1997). For example, different studies were per-
formed to evaluate the aroma profile of wines, spirits, and soft drinks,
often using radar plots to relate the composition with their odor char-
acter based on perceptual judgments of enologists or flavorists
(Ferreira et al., 2000; Buettner and Schieberle, 2001; Caldeira et al.,
2002; Moyano et al., 2002). So a relevant question is legitimate to
ask: why is the olfactory system so unknown when compared to other
senses?

Whatever is the physiology behind that, the sense of smell is keener
than that of any other sense. A practical example to illustrate this fact
is to compare colors and smells: usually, a general description of a
color is done through the use of one or two words (at most) which
often explicitly translates the color that any other individual with good
visual acuity would also describe. On the opposite, the same is often
not true for the description of odors. When one tries to describe the
smell elicited by a rose, for example, it will require multiple words,
representing feelings, emotions, or memories of the individual.
Moreover, different people will use different adjectives or classes to
characterize the scent of a rose. The main reason for that is because we
are not taught for different odors, as we are for colors, shapes, or
sounds. Other reasons are related to the interpersonal variability and
the complexity of the human olfactory system. Once again we are back
to the question of how the human being interprets odorant molecules
and characterizes them in terms of odors. For the human vision, we
know that there are three broadly tuned receptors that perceive the
entire visible range of wavelengths. However, in olfaction we have
about 391 olfactive receptors that allow us to perceive thousands of
different odorants and multiple combinations between them (Saito
et al., 2009).
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Several examples can be found in nature where enigmatic effects on
odor perception are observed. In some cases, mixtures of odors can pro-
duce unpredictable odor perceptions. Even among single odorants, some
are perceived differently as their concentration increases. This means
that an odorant is not perceived with the same quality at low and high
concentrations. The general trend is that unpleasant odors are perceived
at high concentrations. For example, some thiols evidence a harmonious
fruity odor at very low concentrations (near its odor detection threshold)
but unpleasant (and sometimes nauseous) sulfurous odors at higher
concentrations. One other puzzling odorant molecule is trans-non-2-
enal, because its perceived character is highly appreciated for fragrance
purposes at low concentrations but is unpleasant for high ones (Fisher
and Scott, 1997). Since its odor quality changes with the concentration,
it has different recognition thresholds, and that is why it appears to
be classified as a green, cucumber, aldehydic, and fatty odorant with a
citrus nuance.' Other examples were observed for macrocyclic ketones,
which have a faint cedarwood odor when concentrated and a musky
odor when diluted (Chastrette, 1998).

However, within the F&F industry the task of sensory perception,
evaluation, and classification of odors or mixtures is part of the job
of perfumers. These specialists are highly trained for many years to
detect, recognize, and classify raw materials and complex perfumes.
The nose of a perfumer is capable of recognizing a few hundreds of
different odorant chemicals, keeping them as a memory database.
Their classification generally consists of assigning odors to olfactory
families or classes, which often include nuances. The number of classifi-
cations available (either from top F&F companies or experts) is large,
but the agreement between them is limited. Typical olfactory families
are citrus, floral, green, fruity, herbaceous, musk, oriental, spicy,
tobacco, woody, chypre, aromatic, or fougére, among many others,
although they often change within fragrance houses or perfumers.
These terms can be seen as descriptors of the type of odor, and are
commonly sided by quality terms like heavy or light, sharp or round,
just to mention a few. It is important to highlight that this nomencla-
ture is difficult to be interpreted by the typical consumer, who is not
familiarized with the terminology. Nonexperts usually classify odors
using more traditional terms and expressions that resemble some of

'A nuance is a subtle or secondary odor in the main olfactory sensation of a pure chemical or a
perfume.
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their memories or past experiences. However, even among perfumers
there is not a complete agreement of which olfactory families should
be used or in which to include the perceived scents. That is, there is
not (still) a glossary widely accepted for olfactive descriptors, despite
some efforts done in that direction (Ellena, 1987; Chastrette, 1998;
Zarzo, 2008; Zarzo and Stanton, 2009). Yet, there are several reasons
that contribute to this uncertainty in olfaction (Milotic, 2003):

1. Perception of fragrances presents interpersonal variability (the
human olfactory system presents sensory-chemical differences, e.g.,
physiological).

2. It is very difficult to characterize fragrances and scents by words,
since people are not taught for different odors as they have been for
colors, shapes, or sounds. Perfumers are an exception, of course.

3. People tend to associate smells to past experiences, objects, feelings,
and emotions, which lead to a variety of classifications. Perfumers can
be considered an exception: they tend to use the same language or
olfactory descriptors, which is more accurate (Jaubert et al., 1995).

4. Science behind perfume formulation is proprietary, but the success
of commercial perfumes is always unpredictable because it is mainly
consumer-driven. And there is no secret formula to predict that.

Thus, if we attempt to put into words how we perceive odors and
what influences us when recognizing and classifying them, the pro-
posed pyramid of scents shown in Fig. 4.1 might give a simple perspec-
tive of the hierarchical processes within the perception of scents
(Teixeira et al., 2010). Briefly, it includes four layers, cross-referenced,
which a perfumer must have but a nonexpert will hardly achieve.
At the bottom of the pyramid we have our emotions, which are based
on our culture, memories, and past experiences (Distel et al., 1999;

Floral, citrus
fruity, woody
Aromas
Sensations : Coal,
Look

Emotions

Fig. 4.1. The pyramid of scents perception. Adapted with permission from Teixeira et al. (2010). © 2010,
American Chemical Society.
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Wilson, 2009). It is this primary knowledge that a person (especially
the nontrained) will start using to characterize a perceived fragrance.
From that, his or her judgment will also be influenced by other sensory
stimuli (sight, touch, taste, and hearing) which we defined in Fig. 4.1
as the look. It is only after these two layers that we really start the
classification of a fragrance: on the third layer with a subjective analy-
sis, and subsequently with an objective classification. In the former,
a large number of different sensations expressed by words like cool
or warm, dry, fatty or powerful, and so on, are commonly used to
describe fragrances, especially by nontrained people (Milotic, 2003).
In fact, when naive subjects are asked to classify odorants they are
strongly influenced by emotional, subjective, and past experiences
(Chastrette, 2002). This classification is often ambiguous, individual
dependent, and difficult to materialize. And this is the point where a
nontrained person will generally be limited for the classification of
odors. This is so, because at the top of the pyramid of scents relies
the most objective classification, which is often given by perfumers
(Milotic, 2003). It uses a more formal terminology which is not within
the reach of nontrained people (regular consumers). However, even
these classification terms may also be ambiguous and different for the
same fragrance ingredient or perfume mixture.

The interpretation and discrimination of odors seem to be easier
for pure chemicals than for complex mixtures (Gilbert, 2008). Even
though, the attribution of a class or family to certain mixtures of scents
might become simpler than for single chemicals (e.g., coffee blends or
essential oils), the fact is that in the former what is being identified by
the nose is only a limited number of components while the background
ones are being neglected. This idea was first tackled by Laing (Laing,
1983, 1987; Gilbert, 2008), intrigued by the number of smells that the
nose alone could pick out from a complex mixture. In his work, Laing
showed that neither nonexperts nor experts could identify more than
three to four odors (or volatile components) from mixtures. Moreover,
as further odors are added to the mixture, the difficulty to identify even
one of them increased. Recalling that the human nose can detect single
smells at extraordinarily low concentrations, Gilbert concluded that
we do a better job of collecting smells than we do of tracking them in a
complex mixture (Gilbert, 2008). In brief, the classification of single
chemicals might be more concise, complete, and truthful of its whole
character than it is for mixtures (Jinks and Laing, 2001; Gilbert, 2008).
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In the specific case of perfumes, they can be classified in terms
of the concentration of the perfume concentrate (e.g., Eau de Parfum,
Eau de Toillete, Eau Frdiche) or in terms of its olfactory family (e.g.,
floral, citrus, and woody) (Pybus and Sell, 1999; Zarzo, 2008; Zarzo
and Stanton, 2009). The amount of concentrate or essential oil in
a perfume formulation can vary widely, depending on the purpose of
the perfumed product. The composition of fragrance components
ranges from 10% to 30% for some compounds, down to trace levels
(parts per million) for others. Solvents are also used in the formulation
process, ethanol and water being the most common, as well as diethyl
phthalate (DEP) or dipropylene glycol (DPG) (Schreiber, 2005; Sell,
2006; Surburg and Panten, 2006).

Moreover, just as there are classifications of fragrances into olfactory
families, there are also other organoleptic classifications for different
types of products that are strongly dependent on sensorial perception.
Some examples are the olfactory classification of wines and beers as
shown in Figs 4.2 and 4.3, respectively. The Beer Wheel presented in
Fig. 4.3 dates back to the 1970s and considers both the classifications of
flavors (gustatory sense) and odors (olfactory sense) of beers. It was
developed by Morten Meilgaard and was later adopted as the flavor
analysis standard by the European Brewery Convention, the American
Society of Brewing Chemists, and the Master Brewers Association of
the Americas (Bamforth et al., 2008).

4.1.1 Classification of Odors

As previously discussed, the classification of odors is an extremely
difficult job that at the F&F industry is deliberately given to experts,
the perfumers. For those with a less discerning nose, such task is
almost impossible to be performed, while finding subtle differences
between odors are merely utopian. Due to this reason, we will start to
discuss different approaches developed over the years for the classifica-
tions of single odorants and will only later address their mixtures.

The majority of these classifications were based on the olfactory
evaluation of such experts which the industry still follows today.
Nevertheless, over the past two centuries, different scientists from
diverse scientific fields around the globe have searched for other means
of describing the human olfactory space based on (i) empirical classifi-
cations, (ii) stereochemical theories and primary odors, (iii) statistical
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Fig. 4.2. The classification of olfactory families for wines. Reprinted with permission from Ann Noble, 1990.
© Wine Aroma Wheel copyright 1992, 2002 A.C. Noble, www.winearomawheel.com.

descriptors supported by odor profiles and semantic descriptions,
(iv) similarity data, (v) quantitative structure—activity relationships
(QSARs) and olfactophore models, and, more recently, (vi) biochemistry
and neuronal activity patterns. More detailed insights on these topics
can be found in the literature (Dravnieks, 1966; Wells and Billot,
1988; Callegari et al., 1997; Chastrette, 1997, 2002; Wise et al., 2000;
Mamlouk et al., 2003; Mamlouk and Martinetz, 2004; Teixeira et al.,
2010, 2011).

First and foremost, it must be noted that any attempt to establish
comparisons between these classifications must be cautious since they
were built with different purposes and/or are supported by distinct
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Fig. 4.3. The Meilgaard beer flavor wheel. From Artiga and Milla (2009). © 2009, Elsevier.

theoretical approaches. As a general trend, it is seen that the oldest
classifications of odors often presented a small number of olfactive
families as opposed to recent ones which tend to increase the number
and diversity of quality descriptors. Moreover, odorants may be classi-
fied into one family only, while in other cases they may be assigned to

subfamilies or nuances, as we have seen before.

1. Empirical classifications
As expected, the first attempts to classify odors into olfactory

family classes relied on empirical classifications. These are mainly
quantitative (although may be argued that they are also very subjec-
tive) classifications which are based on the olfactive ratings given
by panelists (usually experts). The first one trying to establish
a unified classification of odors was probably Aristotle, who con-
sidered six classes, two pleasant (fragrantes and aromatici), two
as fetid (fetri and nauseosi), and two classes as pleasant for some
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and unpleasant for others (ambrosiaci and hircini). Later in 1756,
Linnaeus proposed in his Odores Medicamentorum a modification
to that classification by introducing another class of medicinal
properties (alliacei).

However, the majority of empirical classifications came out
from perfumers, following the development of the F&F industry
in the end of the nineteenth century. There are dozens of different
empirical classifications of fragrance raw materials, developed by
experienced perfumers of the most popular fragrance companies
and so supported on their olfactory expertise. Here, we can
refer the odor descriptor wheel by St. Croix Sensory Company
(McGinley et al., 2000) having 8 families and dozens of subfami-
lies and the Rosace of Firmenich from 1972 (Chastrette et al.,
1991) with 13 families.

A detailed description of some examples of such classifications
was given by Wells and Billot (1988). Back to the end of the
nineteenth century, when Zwaardemaker, the first major olfactory
psychologist, proposed a classification based on nine families—
aromatic, ambrosiac, alliaceous, foul, fragrant, empyreumatic,
ethereal, hircine, and nauseous—which were subdivided in 30 sub-
families (Zwaardemaker, 1927; Wise et al., 2000). As described
by Chastrette (2002) other classification systems were proposed by
Billot in 1948 with nine families, each with 2—10 subfamilies, and
by Brud in 1986 with his odor ring with 12 families (animal, alde-
hydic-ozone, balsamic, citrus, conifer-evergreen, floral, fruity,
green-herbal, lavender, mossy, spicy, and woody).

. Stereochemical theories and primary odors

In the beginning of the twentieth century, Henning (see Wise,
et al., 2000) proposed a semiempirical classification of primary
odors using an odor prism in an attempt to elucidate the precon-
ceived idea of “complex odors.” Henning’s prism comprised six
corners labeled as putrid, fragrant, spicy, resinous, burned, and
ethereal. However, experimental tests resulted in great variations
in where the different odors should be placed on the prism, and so
Henning’s theory fell out of favor (Wise et al., 2000). Later,
Crocker and Henderson (1927) proposed another semiempirical
classification system based on four families: fragrant, acid, burnt,
and caprylic (Ross and Harriman, 1949). They considered the
endless combinations of these four scents would be responsible for
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all odors we perceive. Although the simplicity of this classification
may look attractive, perfumers considered this classification of
odors too rudimentary.

Furthermore, it is important to mention the work of Amoore
(Amoore et al.,, 1975, Amoore and Forrester, 1976; Amoore
and Hautala, 1983) which represents a more theoretical view of olfac-
tion. His stereochemical theory was based on assertion of the relation-
ship between odor and molecular chemical structures. This theory led
him to search for a limited number of discrete primary odor sensa-
tions based on specific anosmia studies that could express the sense of
smell. It started to comprise seven primary odors (ethereal, camphora-
ceous, musky, floral, minty, pungent, and putrid) which were later
extended to 25 though there may exist hundreds of them (Amoore
et al., 1975; Amoore and Forrester, 1976; Chastrette, 1998; Weiner,
2006; Haddad et al., 2008). Among the controversies arising from the
stereochemical theory, it should be noted the multiple examples of
odorant molecules with very similar shapes but completely different
odor character and/or intensity. Isomers and, in particular, enantio-
mers or molecules with certain different functional groups are among
the examples for this case (e.g., exchanging hydroxyl and thiol
groups) (Rossiter, 1996; Rowe, 2005). On the other hand, it is
also common to observe that odorants with dissimilar structures have
similar odor intensities and/or character (Sell, 2006). Another theory
for primary olfactory perception was proposed by Luca Turin, who
rejuvenated the older theories of Dyson and Wright, proposing that
our nose and our olfactory receptors would be specific-responsive to
the molecules’ vibrations instead of to their shape (Turin, 1996, 2002,
2005). However, several objections have hindered further success
of this theory especially when cases of optical isomerism and isotopic
substitution are present in odorant molecules (Rossiter, 1996; Rowe,
2005). We will not go into further details on this topic but we recom-
mend the reader to follow the literature.

. Statistical descriptors supported by odor profiles and semantic
descriptions

The application of multidimensional statistical methods is often
applied to large datasets attempting to correlate odor quality.
Techniques used are typically principal component analysis (PCA)
and multidimensional scaling (MSD). According to Chastrette
(2002), there are three different types of data that can be used: classic
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semantic descriptions, descriptions emphasizing similarities, and odor
profiles for odor intensity estimation. Here, we will only highlight
some of the works developed in this field: the comprehensive semantic
odor-profile database from Arctander and Zarzo (Arctander, 1969;
Sigma—Aldrich, 2003; Zarzo and Stanton, 2009); the set of odor
profiles from Boelens and Haring for 309 chemical odorants (see
Chastrette, 2002), the Atlas of odor character from Dravnieks in 1985
(Wise et al., 2000), the olfactory space developed in 1997 by Laffort
et al. (Callegari et al., 1997), and, more recently, the perceptual space
of Zarzo (2008) which tried to classify fragrances by structure-odor
relationships (SORs) or similarity tests using extensive databases
of descriptors (for further details, see Chastrette, 1997, 1998; Pintore
et al., 2006; Haddad et al., 2008).

However, such types of classifications generally include map-
ping multidimensional maps of odor quality descriptors. Their
lack of simplicity for consumer application turns them almost
impossible to employ. On simple perceptual grounds, the lack of
clarity for the interpretation of these multidimensional scaling
analyses with n-dimensional spaces is a difficulty for their appli-
cation by nonexperts.

. Similarity data

There were also empirical classifications based on similarities
between odors, though these are strongly dependent on the system
used. The Field of Odors first presented by Jaubert et al. in 1987
(Jaubert et al., 1995) is an attempt to classify the olfactory space by
similarities found by experts between pairs of odorants. Moskowitz
and Gerbers developed a two-dimensional figure of odorants using
similarity ratings among 15 odors and 17 descriptors. Although the
list of authors studying this type of approach goes on, it is conclu-
sively that such methodologies felt off favor because it is considered
that classes of odors are sharply delineated as stated by Chastrette
(Chastrette, 2002).

. OSAR and olfactophore models

The so-called QSAR techniques are valuable tools for the F&F
industry, mainly for the modeling of odor detection, intensity, and
character, resulting in the so-called SORs. However, due to the
complexity relying in odor perception, SOR models are often
applied to distinct odor groups separately, such as ambergris,
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almond, musk, or sandalwood (Rossiter, 1996). The reasons why
it remains difficult to apply SOR methods to all types of odorant
molecules have to do with two points: first, odorant molecules that
can be described with one or (at most) two semantic descriptors are
easily classified; second, complex and flexible odorant molecules
are more likely to adopt different energetically favorable conforma-
tions, each of which may trigger different odor responses (Rossiter,
1996). A detailed description of the application of SOR models is
described in that work.

More recently, a novel application of SOR models has been
devoted to what can be called as olfactophore models, in analogy
with pharmacophore models widely used for the study of biological
activity of drug molecule candidates. The idea relies on mapping
a set of molecular properties of the odorant molecule that are con-
sidered to be critical for its odor. At the same time it attempts to
model the odorant-receptor site binding properties and steric geom-
etries (Kraft et al., 2000; Kraft and Eichenberger, 2003). Such mod-
els are based on the molecular similarity of known odorants. Kraft
and Eichenberger (2003) developed the olfactophore model for
the correlation of structure-odor properties for a small class of
20 marine odorants. However, the predictive capacity of the olfac-
tophore models developed so far is still not enough to discriminate
between odorant chemicals with very similar structures, which are
known to produce very different olfactory qualities.

. Biochemistry and neuronal activity patterns
Studies at the frontier of olfactory recognition have been looking
for understanding of both the binding mechanisms between odorant
molecules and olfactory receptors (ORs) as well as on tracking and
decoding neuronal activity patterns. Since the discovery of the large
family of ORs from the Nobel Laureates Linda Buck and Richard
Axel (Buck and Axel, 1991), this study has been focused on the
binding interactions between ORs and odorant molecules (Spehr
and Munger, 2009; Yabuki, et al., 2010). It has been shown that
such interactions are the starting point for biochemical processes on
odorant recognition and that the large and complex sets of ORs are
responsible for the chemosensory ability of the olfactory system.
Another approach for odor recognition and classification lays on
the study of neuronal activity patterns. Such evaluations consider
spatial-temporal patterns of neural activity. Moreover, they consider
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that odor quality is recognized by the combination of neuronal fixed
patterns which the brain classifies into discrete representations
(Oyamada et al., 1997; Hoshino et al., 1998; Niessing and Friedrich,
2010). For further details, we recommend the reader to see the review
on this topic by Jay Gottfried (Gottfried, 2007).

As a general conclusion, in the past years we have enlarged the
available database of odors and chemical structures and learned in
a more detailed level the mechanism between odorants and ORs.
However, we are still far away from understanding their exact
structure, and the way signal transduction and interpretation are
processed (especially for character recognition), which limits any
deeper interpretation of the olfactory mechanism (Rowe, 2005).
At this point, it is important to highlight that common terms are
found in many of these perfume classification systems (as well as
some differences) suggesting that a universal system for fragrance
classification may be reasonable (Milotic, 2003).

In this work, four databases were selected for the assignment of
olfactory families to single fragrances (which combine types 1, empiri-
cal classifications, and 3, statistical descriptors supported by odor pro-
files and semantic descriptions, both for pure compounds). The
literature databases of Brechbill (2006), Surburg and Panten (2006),
The Good Scents Company (2010), and an in-house developed compi-
lation of olfactive families from several perfume companies were con-
sidered, including more than 2000 fragrant species. However, it should
be mentioned that the Brechbill’s database was the first reference of
choice while the remainder were used when the former had no classifi-
cation assigned. Whenever more than one family was attributed, the
most representative family was considered as primary family and the
following classes were considered as subfamilies or nuances.
Additionally, when there were discrepancies between the primary fami-
lies assigned in different databases, the criterion was to consider the
families of the Brechbill’s database and then include as subfamilies the
classifications of the remaining databases. The relative distribution of
each family or descriptor according to the Brechbill’s dataset is repre-
sented in Fig. 4.4. It is readily apparent that the floral family is the
one that holds the largest share of the distribution among the fragrance
raw materials (21%), not overlooking that the families named “Rose”
(11%) and “Jasmine” (3%) also represent scents of flowers and are not
negligible. This fact mirrors what is observed in commercial perfumes,
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Fig. 4.4. Relative distribution of each olfactory family or descriptor in the database used for this work. Adapted
with permission from Teixeira et al. (2010). © 2010, American Chemical Society.

where the number of floral fragrances is very significant, especially in
women’s perfumes.

4.2 CLASSIFICATION OF PERFUMES

So far, we have discussed the classification of single odors. We agree
with other authors’ opinions that all odors are represented in the
brain as complex patterns whether the odorant is a chemically pure
substance or a complex mixture. Nevertheless, the recognition of single
odors is easier than the recognition of odorants within a mixture
(especially for nontrained people). Consequently, the classification of
single (pure) odorants remains simpler than for mixtures, which may
elicit several nuances or background odors. Apart from that, it is clear
that the odor space of perfumes and most fragranced products will be
a mixture of odorant chemicals which will certainly elicit different
odor intensities and/or qualities. Thus, the olfactory classification of
such products, although complex, remains elementary.

In what concerns to perfumes, several attempts have been made in
the past trying to associate these complex mixtures to olfactory fami-
lies. Such type of classification may be called as fragrance genealogy.
Perfumes generally have around 50—100 fragrant components in their
formulation, with several functional groups within this high number
of molecules (hydroxyl, carbonyl, ether, and many others). Due to
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this complexity, they are often qualitatively classified into olfactory
families attending to the dominant fragrant notes. Although the
F&F industry employs sophisticated analytical tools in perfumery
(e.g., GC/MS, olfactometers, and electronic noses), so far there is not
yet a standard classification of perfumes in view of their olfactory
nature (perfume families). This procedure is performed by perfumers
who empirically attribute the perceived odor mixture to a class or fam-
ily (floral, citrus, chypre, oriental, etc.). In such evaluation, there may
be subfamilies or nuances present at lower intensities as well. Thus, it
is mainly experimental, person-sensitive, and, perhaps most important
of all, it is only applied in the postformulation step. We highlight this
fact because it is behind one of the reasons why it is necessary to for-
mulate dozens, if not hundreds, of perfume mixtures, until the desired
scent is obtained. Additionally, even among these experts in the art of
perfumery there are biological differences in their olfactory response to
fragrance stimuli, resulting in different classifications (Jinks and Laing,
2001; Gilbert, 2008). On the other hand, it is important to point out
that the classification of perfumes could also be performed by consu-
mers that have little to no experience in the art of perception of
odors. In 1992, Jellinek tried to follow this hypothesis and presented a
consumer-based classification for perfumes in its “Map of the world of
fragrances” and “Odor effect diagram” (Milotic, 2003).

In what concerns to empirical classifications of perfumes, some of
them are available in the literature while others remain proprietary, most
of which were developed by F&F companies. One of the most precious
works, resulted in an extensive compilation from the survey of all
perfumed products developed since 1782, which lead to the Classification
des Parfums et Terminologie by the French Society of Perfumers (1984)
(Société-Frangaise-des-Parfumeurs, 2006). It was divided into five main
olfactory families, plus several secondary families or nuances. Later on,
a second study outlined in 1989 included the contribution of two
new families, citrus and woody, and the addition of secondary families
(Société-Frangaise-des-Parfumeurs, 2006). Another valuable and exten-
sive classification is the fragrance wheel developed by the acknowledged
perfumer Michael Edwards (first presented in 1983). It considers four
standard family notes, each one having three subfamilies (Edwards,
2009), comprising 14 primary families as shown in Fig. 4.5. Edwards
has already classified more than 5700 commercial perfumes (and more
than 6500 fragrance products) using these 14 categories displayed
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Fig. 4.5. The fragrance wheel from Michael Edwards: first developed in 1983, suffered updates over the years
(latest version in 2012 ). Reprinted with permission from Edwards (2011). © 1992—2012 Michael Edwards.

around a central hub, except for aromatic/fougere, which in some cases
is placed at the center of the wheel as it will be discussed later (Zarzo and
Stanton, 2009). The ancestral fragrance wheel has also evolved over the
years, mainly in what concerns the positioning of the olfactive families
around the central hub. Zarzo and Stanton have greatly contributed to
that by finding consistencies between the odor effect diagram of Jellinek
and the wheel of Edwards. From their studies, they have proposed the
replacement of fruity family between floral and green, while water would
change from its previous location to between green and citrus (Fig. 4.5).
They also suggested that the original aromatic/fougére central hub could
be placed near dry woods and citrus which Edwards accepted (in fact, he
already did that for perfumers while for retailers and customers this clas-
sic men family was presented in the center of the wheel) (Donna, 2009).

Another very good classification map for fragrances or perfumes is
the “Drom fragrance circle” (DROM, 2011) shown in Fig. 4.6. It con-
siders 16 olfactive families classified by perfumers (outside band) and
consumers (inner band) related terms. In the middle band, some exam-
ples of essential oils are given for each family. Moreover, in the center
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Fig. 4.6. Drom fragrance circle: different layers are used to relate the classifications of essential oils using
perfumers related terms and those from consumers. Reprinted with permission. Copyright 2012 by DROM
Fragrances.

of Fig. 4.6 is shown an example for a classification of an essential oil
where the intensity of the olfactory families is represented through five
(in this case) colored intensity slices, thus generating a stellar map.

Besides, some fragrance companies like Avon (2009) classifies per-
fumes into six different families, each one comprising two subfamilies or
nuances. The experimental classification of Osmoz by Firmenich (2012)
has a six-group family criteria for both women and men with various
nuances in each one. ScentDirect (ScentDirect, 2009), and H&R
Genealogy by former company Haarman & Reimer (H&R, 2002)
divide their classification in six and four families with different subfami-
lies, respectively. Octagon, by former company Dragoco, now merged
with H&R into Symrise, has nine perfume families. It is curious that
there is a more detailed description of the floral family in this classifica-
tion differentiating between simple and complex floral accords. Finally,
a compilation study on thousands of commercial perfumes made by
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Luca Turin and Tania Sanchez (LT&TS), a recognized scientist and a
perfumer, classifies fragrances into a large number of olfactive families,
always giving a touch of their personal assessments about them (Turin
and Sanchez, 2008). However, it should be mentioned that in some
cases the definition of the correspondent family was somewhat ambigu-
ous. Finally, it is to be said that other fragrance classifications have
been proposed but in most cases, their details still remain confidential.

In this work a new approach for perfume classification has been
developed. The aim of the PR methodology is to predict the classifi-
cation of perfumes into olfactive families as performed by perfumers
using physicochemical models and qualitative descriptors. The meth-
odology combines the use of radar graphs (to present qualitative
information) with some Product Engineering tools and concepts
previously developed (Teixeira et al., 2010). The Osmoz, ScentDirect,
H&R Genealogy, Octagon, The Fragrance Foundation, and LT&TS
perfume classifications were used for comparison with the proposed
methodology for the classification of perfumes. All the olfactory
families considered in these classifications along with that of the
authors (Teixeira et al., 2010) are presented in Table 4.1.

4.3 THE PERFUMERY RADAR (PR) METHODOLOGY

The PR methodology is a software tool with predictive capabilities for
the classification of perfumes into olfactive families. In simple words,
it allows a qualitative description of the perceived odor elicited from
any fragrance mixture. At the outset, the added value of the PR meth-
odology is centered in two topics: firstly, it introduces some scientific
basis in fragrance classification, reducing the arbitrariness to the empiri-
cal classification of pure odorants; secondly, it is a predictive tool and
so it can be helpful in the preformulation stages of fragrance develop-
ment, helping to reduce time and cost of product.

It is a stepwise methodology that combines different models (for VLE,
odor intensity, or odor character) in a software tool as structured below:

1. Classification of pure fragrance ingredients into olfactory families;

2. Prediction of the composition in the gas phase and odor intensity
for each component;

3. Calculation of the odor intensity for each olfactory family and graphical
representation of the PR.
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Table 4.1. Perfume Families Used in Different Perfume Classifications

FSP® | FSP" | AVON® | TFW! | Osmoz® | SD' | H&R® | Octagon" | This Work
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Source: Adapted with permission from Teixeira et al. (2010). © 2010, American Chemical Society.
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Fig. 4.7. Schematic representation of the main steps for the PR methodology: on the top are presented the valida-
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(2011). © 2011, M.A. Teixeira.

The schematic representation of the steps followed in the PR method-
ology along with the procedures for its validation is shown in Fig. 4.7.
The validation of the PR is crucial for its application as a predictive
tool. In this way, two different validations were performed for a series
of essential oils and commercial perfumes: on one side, a comparison
was done with the classifications from perfumers, which are based on
their olfactory evaluations; while on the other hand, a validation of its
predictive capabilities was performed with an experimental PR obtained
by measuring the headspace compositions of fragrance mixtures.

Step 1—Classification of pure fragrance ingredients into olfactory
families

In what concerns the PR methodology, its first step comprises the
classification of pure fragrance ingredients into olfactory families
and, then, the selection of the major olfactory families we want to
work with. It is known that different fragrance houses use different
classifications. Thus, despite the modular characteristic of the PR, it
makes sense to choose the most relevant olfactory families in order to
obtain a well-distributed radar. These olfactory families may be those
that are most frequent in the classification of pure components (e.g.,
floral as seen in Fig. 4.4), or may be olfactory families that result
from the combination of different nuances but have a great relevance
in the world of perfumery (e.g., chypre). In what concerns the
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classification of pure fragrance ingredients, it was used in this work
the extensive compilation of Brechbill (2006) and it was decided to
include three olfactory descriptors for each compound (e.g., limonene
is classified as fresh-citrus-orange). Taking into account these data
and the literature olfactory classification data from F&F companies,
eight olfactory families (citrus, floral, green, fruity, herbaceous,
musk, oriental, and woody) were selected for the PR. The main crite-
rion was based on the most commonly used terms for the classifica-
tion of pure fragrances. The selected eight olfactive families are
briefly described below (Poucher, 1955; Calkin and Jellinek, 1994;
Butler, 2000; Brechbill, 2006; Edwards, 2009; Firmenich, 2012;
Leffingwell and Leffingwell, 2012):

1. Citrus: freshness and lightness from citrus fruits like lemon or orange.
The first Eau de Cologne ever made belonged to this family.

2. Fruity: from natural fruits like apple, banana, or raspberry.

3. Floral: made up of flowers (e.g., geranium, jasmine, or rose) is one
of the most widely used families for feminine fragrances.

4. Green: typical botanical notes with scents of fresh leaves or stalks
and mown grass or with reminiscent freshness (e.g., vertocitral,
hexenyl benzoate).

5. Herbaceous: more complex scents than green, often found in
low-growing plants. Typical examples are sage and mint.

6. Musk: characteristic from the musk deer and musk oxen. The
odorants of this family when used in perfumes often act as fixatives
(components that fix other fragrances in the solution).

7. Oriental: associated to amber species, often including warm scents.
The classifications found in the literature for scents like spicy, earth,
balsamic, tobacco, leather, waxy, and mossy were included in this
family.

8. Woody: generally as woods like cedarwood, sandalwood, or patch-
ouli. A classification of fragrances as camphoraceous was included
in this family.

Moreover, positioning the families around the radar axis must take
into account the similarities and differences between olfactory notes
within perfume formulation. For example, if we recall the fragrance
wheel from Michael Edwards (Fig. 4.5) or the Drom fragrance circle
(Fig. 4.6), both have placed their olfactive families around the circle fol-
lowing their own perspective of similarity and blending. Nevertheless,
it is also obvious from Figs 4.5 and 4.6 that this distribution of olfactive
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families is completely different in the two diagrams, thus showing, once
more, the large discrepancy in fragrance classification. In our case,
it took into account the traditional subfamilies or nuances existing in
each family, so closer axes usually represent families that blend well
in perfumery products.

Step 2— Prediction of the composition in the gas phase and odor intensity
for each component

Then, in the second step, the composition (x;, mole fraction of each
fragrant ingredient) of several commercial perfumes was determined
by gas chromatography coupled with flame ionization detector (FID)
and mass spectrometry (GC/FID/MS) to identify and quantify single
fragrant components. Because throughout this analysis water molecules
cannot be detected, a specific amount of water (solvent) was considered
depending on each type of perfume (Eau de Parfum, Eau de Toilette, Eau
Fraiche). The mixture composition was then normalized for each per-
fume. Nevertheless, a parenthesis is made here, to highlight that for the
perfumer this analytical evaluation is not needed because he or she knows
the exact formula of the fragrance. Having determined the composition
in the liquid perfume, the OV for each fragrance ingredient is calculated
using Eq. (2.4) as shown in Chapter 2. The same methodology as that
used in the PTD® and PQ2D® is followed here: the UNIFAC method is
used to estimate the activity coefficients (v;) in the liquid phase, and the
OV is applied to calculate the odor intensity of single components. Of
course, several physicochemical and psychophysical properties (molecular
weight, vapor pressure, UNIFAC interaction parameters, and odor
detection threshold) have to be compiled for all the fragrant compounds
existing in the perfume. It should be mentioned that the OV concept was
preferred in detriment to the well-known Stevens’ Power Law (Stevens,
1957) due to the larger number of fragrance ingredients present in a per-
fume and, consequently, the difficulty in obtaining Power Law data (the
number of published exponents is less than 10% of the number of existent
fragrant compounds). Nevertheless, if this parameter is known or experi-
mentally measured for all compounds, the Power Law can perfectly be
applied in the PR methodology.

Step 3— Calculation of the odor intensity for each olfactory family

In the third step, the OV for each fragrance ingredient and, conse-
quently, for each olfactory family (summation of the OVs of all the
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fragrance ingredients) is calculated. For that purpose, once literature
classifications of pure ingredients differ or often attribute more than
one family to a compound, olfactory families were considered
as defined by Brechbill (2006) and whenever other families were also
referred, these were used as secondary (and tertiary) families according
to the order of appearance or relevance given. Taking that into consid-
eration, a weighing criterion was used in order to account for the pres-
ence of nuances. This weighed olfactory family intensity model
considers the maximum of three subfamilies per fragrance ingredient
as presented in Table 4.2.

This model considered that the primary family is more strongly
perceived than the secondary family, and this one is more intense than
the tertiary family. The reason behind the choice of three families or
subfamilies lays on experimental studies that show, for pure substances,
an average value of three descriptors per odor is considered sufficient.
Indeed, Chastrette (1998) obtained an average of 2.8 different descrip-
tors for thousands of odorants. In this way, the quantification of the
OV for each olfactory family is calculated by:

N
OV; =) w,x0V; @1
i=1

where M is the weight factor of component 7 for family j according to
Table 4.2. It should be highlighted that the selection of the weight
factors was arbitrary, considering the more intense perception of
the primary over the secondary family, and that over the tertiary.
Moreover, these weights may vary from odorant to odorant but the
fragrance classifications do not present any quantitative information
concerning that point, and the same weight factors were used for all
fragrances. It should also be noted that the sum of the OVs for the
quantification of the family intensity is an approximation considered

Table 4.2. Distribution of Weights (w;) for Each Olfactory Family

Number of Families Family

Primary Secondary Tertiary
1 100% - -
2 70% 30% -
3 60% 30% 10%
Source: Adapted with permission from Teixeira et al. (2010). © 2010, American Chemical Society.
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in our model. By doing this, effects like hyper- or hypoadditivity
of odors (the perceived intensity of an odorant mixture to be higher
or lower than the sum of the perceived odor intensities of the single
components) are not considered in this methodology (Laffort and
Dravnieks, 1982; Olsson and Berglund, 1993; Cain et al., 1995). Other
particular olfactory effects (e.g., change of odor quality with concen-
tration, enhancement of the intensity of a strong odor by a weaker
odor) are also out of the scope of the model since its purpose is to
obtain a qualitative analysis in terms of olfactory families (Laffort and
Dravnieks, 1982; Fisher and Scott, 1997).

Finally, since the PR diagrams are independent of the total odor
intensity, these olfactory family OVs (OV)) are normalized according to:

oV, =

. (4.2)
oV,
i=1

J

where OV} is the normalized OV for family j, and L is the number of
olfactory families defined (in this work L = 8). By doing this transfor-
mation, it is possible to compare all the PRs in a scale independent
of the odor intensity. Finally, the relative odor intensity for each
olfactory family is represented using radar plots. This representation
will show not only the dominant olfactory family but also its main
nuances (if any) for the selected perfume.

As a proof of concept, the validation of the obtained radars can
be performed in two ways: using the classifications from the F&F
industry or by developing experimental PRs. In this way, the compari-
son with perfumers’ evaluations is a straightforward task which can be
achieved by direct analysis of their classifications. On the other hand,
for the determination of the experimental PRs, the headspace of a
liquid sample of perfume is evaluated by GC/FID/MS at equilibrium
conditions. Once the vapor composition is known, Steps 2 and 3 of
the PR methodology are applied. However, it should be noted that
perfumes are complex mixtures with hundreds of chemical odorants.
Thus, it is no surprise that we find tens or hundreds of odorants in
their headspace. For simplification of this validation process, the FID
data was reduced to a lower-limit value of peak area (<10,000 counts)
in the integration to exclude components or residues present in the
analysis of the perfumes. It is known that at very low-peak areas the
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noise-to-signal ratio in FID detectors is high, thus introducing errors in
the composition. Moreover, the peak identification performed by mass
spectrometry turns to be more difficult whenever the chromatographic
peaks are too small. Additionally, accounting for peaks much below
this limit (e.g., 1000 counts) would significantly increase the number of
components and so make its identification too laborious and almost
impractical. Nevertheless, care should be taken with this rejection limit,
once powerful odorants may be present in trace amounts (have small
chromatographic peak areas) (Ohloff, 1978). After knowing the gas phase
composition of the perfume, steps 3 and 4 of the PR methodology are
performed and the experimental radar is obtained.

The experimental validation of the PR methodology was first done
using simple and well-known essential oils, and later with commercial
feminine and unisex perfumes already classified into olfactory families
by experienced perfumers. The former are simple mixtures with 30 or
less fragrant compounds in their composition, while the later (the
perfumes) are more complex having 50—100 or more. The validation
of the predictive capability of the PR methodology was also done by
analyzing the gas phase above the perfume (headspace) in equilibrium
conditions using GC/FID/MS and then calculating the PR from real
(not predicted) gas compositions.

4.4 APPLICATIONS OF THE PR METHODOLOGY

First, we will show the application of the PR methodology to four
essential oils commonly used in the F&F industry: orange, lemon,
jasmine, and thyme. By doing this, it is possible to have a preliminary
idea of the potentialities of the PR methodology. Once this step is
verified, then it will be the time to apply the PR methodology to more
complex mixtures, such as commercial perfumes.

4.4.1 Essential Oils

The classification of the essential oils into olfactive families is pre-
sented in Table 4.3 and the corresponding PRs are shown in Fig. 4.8.
According to the literature, both the essential oils of orange and lemon
belong to citrus olfactory family (Brechbill, 2006). Accordingly, we
can see that the two predicted radars in Fig. 4.8 are very similar
in terms of the main olfactory families and their relative intensities,
as expected. Nevertheless, it must be pointed out that although these
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Table 4.3. Olfactive Families Given by the Classification of the

Brechbill Database for the Essential Oils of Orange, Lemon,
Jasmine, and Thyme (

Essential Oils Family

Orange Citrus

Lemon Citrus

Jasmine Floral

Thyme Herbaceous

Source: Adapted with permission from Teixeira et al. (2010). © 2010, American
Chemical Society.

Essential oil—Orange Essential oil—Lemon
Floral Floral
Green Fruity Green Fruity
Her Citrus Herb Citrus
25 0.5 075 1 25 0.5 0.75 1
Musk Woody Musk Woody
Oriental Oriental
Essential oil—Jasmine Essential oil—Thyme
Floral Floral
Green v Fruity Green Fruity
Herbaceous Citrus Herb I Citrus
0.25 0.5 0.751 0.25 0.5 0.75 1
Musk Woody Musk Woody
Oriental Oriental

Fig. 4.8. PRs for the essential oils of orange, lemon, jasmine, and thyme. Adapted with permission from
Teixeira et al. (2010). © 2010, American Chemical Society.

two essential oils may be derived from citric fruits, their olfactory
space will present minor differences. In fact, their composition (both
liquid and vapor) are similar but there are some odorants in one
essential oil and not in the other, making the perceived scents different.
From the PRs, it can be seen that the dominant olfactory family for
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them is citrus, with 44% and 49% for orange and lemon oil, respec-
tively. Such result makes reasonable sense, since as known from every-
day experience, lemon has a stronger citrus character than orange.
If we take a look at the subfamilies, it is seen that woody-fruity-floral
nuances are predicted for the orange essential oil while for lemon there
is a fruity-floral-woody character. Moreover, a green character is
perceived in the orange but not in the lemon essential oil. These
differences in the type and relative intensities of the olfactory families
mean that there will be certain differences in their perception.

The other two essential oils evaluated with the PR methodology are
classified as classic floral family for jasmine oil while thyme exhibits a
characteristic herbal scent. For the first, its PR gives a dominant floral
scent (71%) with a fruity nuance (27%) and the corresponding radar
for thyme oil shows that the herbaceous family dominates (48%),
together with nuances of citrus (34%) and fruity (14%).

Thus, from the PRs of four widely used essential oils, it is possible
to observe that the predicted primary olfactive family is always in
agreement with the classifications from perfumers. Additionally, some
subfamilies or nuances are also predicted for their perceived odor,
showing minor differences between very similar essential oils.

4.4.2 Commercial Perfumes

A curious point in the fragrance industry that has not yet been
discussed here concerns to one other type of fragrance classification:
the classification in gender. In analogy with the sense of smell, studies
on the visual sense using semantic differential scales have shown that
pink, yellow, and purple colors are considered more feminine, while
blue, brown, and gray are most commonly classified as masculine
(Zellner et al., 2008). We all know that some fragrances are typically
more feminine whilst others show a more typical masculine scent.
However, this distinction has mostly to do with fashion trends and
personal and cultural preferences. Women’s perfumes tend to be lighter
and floral while masculine ones often have a stronger character of a
citrus-woody type. Furthermore, apart from these two genera, there still
exists (especially more recently) a line of unisex perfumes which aims
at pleasing both the feminine and the masculine side. These differences
depend on the composition of the perfume and are clearly evident in
the main olfactory families in which they fall under. A comparison
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of perfume classifications in terms of olfactive families distributed by
gender and type of notes is presented in Table 4.4 considering a compi-
lation of 5233 fragrances (3149 women, 1241 men, and 843 unisex)
contained in the 2012 edition of Michael Edwards’ guide. It should
also be highlighted that the number of feminine fragrances considered
is much larger than that for men (as in line with market), mainly
because the latter is a seasonal market (with its busiest period in
the Christmas season), while the women’s sector covers equally the
entire year.

According to Zarzo and Stanton (2009), the analysis on the trend
of each family can be performed in a simple way by considering that
families whose percentage is higher for women tend to be feminine or
gynogenic (perceived with female characteristics), whereas if it is greater
for men then it is regarded as masculine or androgenic. Following the
same analysis, it is possible to say that families with similar number of
perfumes (equally distributed) may be associated with unisex fragrances
as it is the case for aromatic, woody-oriental or citrus, although there
are exceptions. Unisex fragrances are not perceived strictly as mascu-
line or feminine. In this way, it seems that olfactory families like citrus,
woody-oriental, or woody are in the boundary between femininity and
masculinity. For example, floral-oriental or fruity are feminine descrip-
tors and contain (almost) only women’s and unisex fragrances.

Another important family to evaluate is the mossy woods which
corresponds to the chypre family (Zarzo and Stanton, 2009). Here, there
is a slight discrepancy that deserves our attention: Table 4.4 shows
that in the mossy woods family there are more feminine than masculine
fragrances, so it would be gynogenic, but according to the H&R
guide, there are 23.8% of feminine fragrances and 35.7% of masculine
fragrances classified as chypre, showing that it is more androgenic. This
reflects once more the difficulty in the classification of “more complex”
scents (like the chypre family) by the human nose, even when experts’
opinions are used. However, it is clear that all these analyses and discus-
sions are not sufficient to define what the ideal perfume is for a woman
or for a man.

A recent study performed by the Fragrance Foundation showed
that age is also an important factor to take into account in this matter.
Through a survey, they concluded that women under 18 have a higher
propensity for citrus fragrances, whilst in the 18—25 range they prefer



Table 4.4. Percentage of Fragrances by Category/Descriptors Commonly Used in Perfumery and Gender Using as Database the 2012 Michael

Edwards’ Guide

Olfactory Family Number of Fragrances % of Fragrances by Gender % of Olfactory % of Fragrances by Gender in
Family Olfactory Family
Women Men Unisex Women Men Unisex Women Men Unisex

Fruity 75 0 14 2.4 0.0 1.7 1.7 84.3 0.0 15.7
Green 30 7 24 1.0 0.6 2.8 1.2 49.2 11.5 39.3
Water (marine) 34 76 31 1.1 6.1 3.7 2.7 24.1 53.9 22.0
Floral 1331 9 112 423 0.7 13.3 27.7 91.7 0.6 7.7
Soft-Floral 282 12 40 9.0 1.0 4.7 6.4 84.4 3.6 12.0
Floral-Oriental 436 2 16 13.8 0.2 1.9 8.7 96.0 0.4 3.5
Soft-Oriental 98 8 39 3.1 0.6 4.6 2.8 67.6 5.5 26.9
Oriental 97 28 58 3.1 23 6.9 3.5 53.0 15.3 31.7
Woody-Oriental 300 256 96 9.5 20.6 11.4 12.5 46.0 39.3 14.7
Woods 153 284 128 4.9 229 15.2 10.8 27.1 50.3 22.7
Mossy Woods 161 52 38 5.1 4.2 4.5 4.8 64.1 20.7 15.1
Dry Woods 39 90 69 1.2 7.3 8.2 3.8 19.7 45.5 34.8
Citrus 106 103 160 34 8.3 19.0 7.1 28.7 279 434
Aromatic 7 314 18 0.2 253 2.1 6.5 2.1 92.6 5.3
Total 3149 1241 843
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fruity-floral notes, and above 35 years of age women mostly choose
musky notes (TFF, 2011).

Thus, one concludes that there is still a long way to go in the classi-
fication of odors and their tendency toward women or men is difficult
to predict a priori.

4.4.2.1 Feminine Fragrances

In what concerns the feminine class, 14 commercial perfumes were
selected and evaluated with the PR methodology. Table 4.5 shows
their commercial name, brand, and olfactive family classifications
according to six different companies/authors together with the PR
classification. As previously noted, it is important to remember that
the former classifications are based on empirical evaluations made by
perfumers of the corresponding company while the PR classification
is based on our prediction software.

Among the perfumes listed in Table 4.5, there are clear differences
as well as similarities in the olfactive families. More relevant than the
fact are the great divergences amongst the classifications from different
companies for the same perfume (e.g., P12—P14), although there
are also good agreement for others (e.g., P1—P4). The most significant
discrepancies occur for secondary and tertiary olfactive families.

The PRs simulated at initial times (¢=0s) for these feminine
commercial perfumes are presented in Figs 4.9—4.11. These were
grouped in terms of their primary olfactive families: Floral (P1—P4),
Oriental (P5—P7), and Chypre (P§—P11), respectively. Finally, those
with heterogeneous classifications are presented in Fig. 4.12.

The typical floral perfumes considered in this study (see Table 4.5,
P1—P4), produced PRs (Fig. 4.9) with a predominant floral scent which
represents always more than 50% of the total odor (in terms of relative
odor intensity). Additionally, the PR for P1 revealed a significant contri-
bution of the green subfamily, which surprisingly is only described by
the classification of LT&TS (Table 4.5). Nevertheless, the green olfactive
family is also closely linked with the floral one, as can be seen by their
proximity in the PR (or, e.g., in the fragrance wheel of Edwards). The
classification of Pl from Dragoco and Institut Supérieur International
du Parfum de la Cosmétique et de I’Aromatique Alimentaire (ISIPCA)
is floral bouquet, which resembles different types of botanical flowers



Table 4.5. Commercial Name, Brand, and Family Classificati

n of the Selected Perfumes

No. Perfume Brand Osmoz ScentDirect H&R The Fragrance Dragoco LT&TS Perfume ISIPCA This Work
(Firmenich) Foundation Intelligence
Pl L’air du Nina Floral-Spicy Floral Floral Floral Floral Floral- Floral Floral Bouquet Floral-Green
Temps Ricei Bouquet Green
P2 Paris YSL Floral-Rose Floral Floral Floral Floral-Rose Rose Floral Floral Bouquet Floral
Violet
P3 Chanel 19 Chanel Floral-Green Floral- Floral- Soft-Floral Floral-Green Green- Green-Floral Floral-Green Floral
Green Green Floral
P4 Eau de Givenchy Floral-Fruity Floral- Floral- Floral Floral Green- Green-Floral- Floral-Green Floral
Givenchy Fruity Fruity Transparent Floral Fruity
P5 Addict Dior Oriental- Oriental- - - - - Floral-Oriental Oriental-Floral- Oriental-
Vanilla Floral Woody Woody
P6 Addict EdF Dior Oriental- - - - - - - - Oriental-Fruity-
Floral Green
P7 Gloria Cacharel Oriental- Oriental- - - - Amber- Floral-Oriental Oriental-Floral- Fruity-Oriental
Woody Fresh Rose Woody
P8 Eau de Rochas Citrus- Chypre- Chypre- - - Citrus- Citrus-Chypre Citrus-Floral- Chypre
Rochas Aromatic Fresh Fresh Woody Chypre
P9 O de Lancome Lancome Citrus- Chypre- Chypre- - - Fresh- Fresh-Citrus Citrus-Floral- Chypre
Aromatic Fresh Fresh Citrus Chypre
P10 Miss Dior Dior Chypre-Floral Chypre- Chypre- - Chypre- Dry Fresh-Green- Chypre-Fruity Chypre-Green
Floral Fruity Green Chypre Woody
P11 Ma Griffe Carven Chypre-Floral Chypre- Chypre- Mossy Woods Chypre- Green- Green-Chypre- Chypre-Floral Floral-Green
Floral Animalic Fruity Chypre Floral
P12 Jungle Tigre Kenzo Oriental-Spicy - Chypre- - Floral-Fruity - Fresh-Fruity- Oriental-Floral- Floral-Green
Fruity Floral Woody
P13 CK One Calvin Citrus- Chypre- Chypre- - Floral Citrus Fresh-Citrus Citrus-Floral- Woody-Fruity
Klein Aromatic Fresh Fresh Transparent Woody
P14 Le Feu d'Issey Issey Floral-Woody- - Oriental- Soft-Floral Woody-Spicy Milky Floral-Woody Floral-Woody Green-Floral-
Light Miyake Musk Spicy Rose Musk

Source: Adapted with permission from Teixeira et al. (2010). © 2010, American Chemical Society.




P1

Green

L air du Temps (Nina Ricci)

Floral

Fruity

Herbaceous

Musk

P3

Green

Citrus
0.25 0.5 0.75 1

Woody

Oriental

N19 (Chanel)

Floral

Fruity

Musk

Citrus
0.25 0.5 0.75 1

Woody

Oriental
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P2

Green

Paris (YSL)

Floral

Fruity

P4

Musk

Green

Citrus
0.25 0.5 075 1

Woody

Oriental

Eau de Givenchy (Givenchy)

Floral

Fruity

Musk

Citrus
0.25 0.5 0.75 1

Woody

Oriental

Fig. 4.9. PRs for perfumes P1—P4 (Floral primary olfactive family). Adapted with permission from Teixeira
et al. (2010). © 2010, American Chemical Society.

and so reminds of a floral-green character (Sturm and Peters, 2005). For
perfumes P2—P4, the PR resulted in the predominance of the floral
olfactory family (>95%), and none of the nuances are noteworthy. This
prediction of the main family is in agreement with the majority of the
empirical classifications from F&F companies.

In what concerns to oriental perfumes (P5—P7), sometimes referred
to as ambers, these are a blend of animal scents and vanilla, often
mixed with exotic floral-spicy scents and woods. These perfumes have
a typical oriental character, although with some gentle nuances. The
obtained PRs for three of these perfumes evidence the same dominant
oriental character, showing also some secondary and tertiary olfactory
notes. In fact, for perfume PS5, the oriental family (42%) dominates the
overall scent, followed by secondary woody (17%), green (16%), and
citrus (8%) nuances. Its Eau Fraiche version (P6) shows also an oriental
character (65%), plus a fruity nuance (27%). The last perfume belonging
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Addict—Eau de Toillete (Dior) Addict—Eau Fraiche (Dior)
P5 Floral Pé Floral
Green Fruity Green Fruity
Her Citrus Her Citrus
0.25 0.5 0.75 1 0.25 0.5 0.75 1
Musk Woody Musk Woody
Oriental Oriental
Gloria (Cacherel)
P7 Floral
Green Fruity
Her 1S Citrus

0.25 0.5 0.75 1

Musk Woody

Oriental

Fig. 4.10. PRs for perfumes P5—P7 (Oriental primary olfactive family). Adapted with permission from Teixeira
et al. (2010). © 2010, American Chemical Society.

to this class (P7) is represented by a fruity-oriental character together
with floral and woody nuances. This prediction partly agrees with the
majority of the classifications from F&F companies which classify it as
oriental and, in some cases, with different nuances like woody, floral,
or fresh (e.g., fresh has been defined elsewhere as citrus-green by
Surburg and Panten (2006) and citrus-green-fruity-water by Edwards
(2009)). According to our PR methodology, it shows a fruity-oriental
character with floral and woody subfamilies.

Another very important olfactory family within the perfumery
business is the classical chypre. The word chypre owes its origin to
the Mediterranean island of Cyprus, which for many centuries was the
meeting point between East and West for trading of aromatic raw
materials. Nowadays, however, it is related to a group of perfumes
whose origins can be traced back to the great perfume Chypre, created
by Francois Coty in 1917. The perfume is based on oakmoss and
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Eau de Rochas (Rochas) 0 de Lancome (Lancome)
P8 Floral P9 Floral
Green Fruity Green Fruity
Herb 1S Citrus Herb. Citrus
0.25 0.5 0.75 1 0.25 0.5 0.75 1
Musk 1 Woody Musk 1 Woody
Oriental Oriental
Miss (Dior) Ma Griffe (Carven)
P10 Floral P11 Floral
Green Fruity Green Fruity
Herbaceous Citrus Herb Citrus
0.25 0.5 0.75 1 0.25 0.5 0.75 1
Musk T Woody Musk 1 Woody
briental Oriental

Fig. 4.11. PRs for perfumes PS—PI11 ( Chypre primary olfactive family). Adapted with permission from Teixeira
et al. (2010). © 2010, American Chemical Society.

bergamot, together with jasmine, labdanum, and animal notes includ-
ing civet and musk (Calkin and Jellinek, 1994). As we will see there is
a great variety of chypre accords and/or perfumes. Such diversity led
Calkin and Jellinek to assert that it has led some perfumers to classify
perfumes under three headings: florals, orientals, and all the rest, which
may be generally described as chypres. Despite this fact, we consider
this to be relevant to apply the PR to such a class of perfume. In this
way, Fig. 4.11 presents the PR for four perfumes (P8—P11) which are
classified as chypre by the majority of the perfumers although some
differences arise (Table 4.5). It should be noted that we do not have
an axis in our PR methodology for this specific family, because of
its complexity in the combination of odorants. In the literature, chypre
1s commonly described as a mixture of bergamot (fruity), rose (floral),
patchouli (herbaceous-woody), and oakmoss (earthy, mossy, woody)
(Calkin and Jellinek, 1994; Firmenich, 2012). Surprisingly or not,
chypre family does not appear in the fragrance wheel of Edwards,
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Jungle Tigre (Kenzo) CK One (Calvin Klein)
P12 Floral P13 Floral
Green Fruity Green Fruity
Her Citrus Her Citrus
0.25 0.5 0.75 1 0.25 0.5 0.75 1
Musk " Woody Musk Woody
Oriental Oriental

Le Feu D’Issey Light (Issey Myiake)
P14 Floral

Green Fruity

Herbaceous Citrus

0.25 0.5 0.75 1

Musk Woody

Oriental

Fig. 4.12. PRs for perfumes P12—PI14 (Heterogeneous classifications). Adapted with permission from Teixeira
et al. (2010). © 2010, American Chemical Society.

and its placement would be difficult but it would be located under
the oriental and woody families. For instance, Mitsouko (Guerlain),
one of the classical chypre perfumes, is placed under mossy woods, but
Rouge (Hermes), also a chypre perfume with a slight floral nuance,
is placed under floral-oriental. Thus, it is expected a certain variation
in the PRs for these perfumes (P§—P11).

From the radars in Fig. 4.11, it is possible to identify a pattern
in three of these perfumes: PRs for P8, P9, and P10 present a similar
shape having floral-herbaceous families as dominant notes, combined
with woody-oriental nuances. In the case of P10, there is also a great
contribution from the green olfactory family which is only described in
the classification from Perfume Intelligence, thus evidencing an odor
character slightly different. In the case of perfume P11, the PR reveals
a clearly floral-green character which partly agrees with perfumers’
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classifications: floral is described as secondary family in four classi-
fications while green appears as primary family in two. This green
character can be compared with that from P10, though the herbaceous
family is not present for P11. In fact, perfume P11 follows the descrip-
tion of LT&TS (Table 4.5) who classified this perfume as a classic
green-chypre, less herbaceous...more floral than most (Turin and
Sanchez, 2008). We have seen that this particular green odor is mainly
due to the presence of styrallyl acetate (green-floral character) in the
composition of the perfume. As a consequence, the ratio between its
vapor pressure and its odor detection threshold is extremely high,
resulting in a dominant OV for this component. After all, there is a
similar shape in the PR of these perfumes belonging to the chypre
family, although their formulation is quite different (both in species
and composition). Thus, this radar shape can be assigned as a typical
radar pattern for the chypre olfactory family, even though there may
be different nuances within it.

Finally, the PRs for perfumes P12—P14, which present very different
classifications from perfumers (heterogeneous classifications), are shown
in Fig. 4.12. The discrepancies in the available classifications of these
perfumes are so notorious in Table 4.5 that it gets hard to say what
the correct classification is (if not impossible). Some of the primary
olfactory families in some classification match some of the nuances in
other. Seemingly, the use of a tailored in-house classification looks to be
the fortunate choice for perfume classification. As previously mentioned,
interpersonal differences at the level of the sense of olfaction might
point toward such method but would not be possible to use a standard
methodology such as the PR.

At first sight, the obtained PRs for P12—P14 present some of the
olfactory families described by perfumers, although their dominance in
the overall odor character may be completely different. In the case of
P12 it shows a strong floral character (59%), together with green and
oriental subfamilies, which match the classification given by Dragoco for
the primary olfactive family. The PR for P13 classifies it as woody-fruity.
These are families belonging to the chypre-fresh class of perfumes, as
mentioned before. Consequently, this PR shows only some of the families
and so, there may be some deviation. Finally, P14 presents a green-floral
character due to the presence of mefloral (green-floral), with a musk
nuance mainly due to the high composition of galaxolide, a sweet musk
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fragrance (Brechbill, 2006; Surburg and Panten, 2006). Both floral and
musk families are present in the classifications of the perfumers (Osmoz,
Fragrance Foundation, and LT&TS).

In brief, the application of the PR methodology to feminine perfumes
has shown a good match for most of the primary olfactive families
assigned in the empirical classifications (performed by perfumers). In
some cases even the secondary olfactive families are well predicted,
although there are also some outliers (Table 4.5).

4.4.2.2 Unisex Fragrances

The PR methodology was also applied to 11 unisex commercial fra-
grances from different brands. The selected perfumes and their classifica-
tions into olfactive families according to several fragrance houses and
experts are presented in Table 4.6. These classifications were compiled
from the literature and correspond to those from Osmoz (Firmenich),
ScentDirect, H&R, The Fragrance Foundation, LT&TS, the Perfume
Intelligence, and the ISIPCA.

These commercial unisex fragrances correspond to real perfumes of
recognized brands and were used in excellent state of preservation. Their
liquid compositions were analyzed through GC/FID/MS following the
same sample preparation, procedure, and analysis conditions as before.
In terms of identification of chemical components, the only difference
here was that a new lower-limit value for peak area was considered
for the FID data equal to 2000 counts. In this way, only components
with an area below that value were excluded. The obtained Perfumery
Radars for unisex perfumes (U1—U6) are presented in Fig. 4.13 while
for perfumes (U7—U11) are shown in Fig. 4.14.

First of all, it can be observed that, as for the feminine perfumes
studied before in this Chapter, there are several discrepancies in the clas-
sifications obtained for the same perfume. It is also seen that certain
olfactive families are typical or characteristic of the unisex fragrances
like citrus, woody, and fresh. This is in agreement with the evaluation of
Zarzo and Stanton as shown in Table 4.4.

Moreover, it should be noted that for some of these commercial
perfumes there is not unanimity on the classifications as to their unisex
(U) character, as shown in Table 4.6. With the exception of Voyage
d’Hermés (Hermeés), all the other perfumes present at least one



Table 4.6. Commercial Name, Brand, and Family Classification of the Selected Unisex Perfumes

No. Perfume Brand Year | Osmoz ScentDirect | H&R The Fragrance LT&TS Perfume ISIPCA This Work
(Firmenich) Foundation Intelligence
Ul Aqua Allegoria Guerlain 1999 | — - — — Weird mint Summer Aromatic- Green-Citrus
Herba Fresca garden (U) Citrus (U)
u2 Aqua Allegoria Guerlain 1999 | Citrus-Aromatic - - - Floral- Citrus Rich Citrus (U) Floral-Fruity-
Pamplelune (F) Glowing V) Citrus
grapefruit
U3 Bulgari Extréme Bulgari 1996 | Woody- — Fresh-Green (F); — Woody-Spicy — Floral- Floral-Green
Aromatic (M) Fresh-Citrus (M) M) Woody-Citrus
L)
U4 Eau Parfumée Bulgari 1992 | Citrus-Aromatic Chypre- Chypre-Fresh (F) — — Fresh-Citrus Floral- Musk-Woody-
) Fresh (F) ) Woody-Citrus Floral
()
us CK Be Calvin 1998 | Floral-Woody- - Fouggre-Fresh- Aromatic- Fougere Fresh-Woody- Floral-Musky Floral-Musk-
Klein Musk (U) Woody (M) Fougere-Fresh Oriental (U) V) Fruity
L)
U6 Cologne Thierry 2001 Citrus-Aromatic — - - Steam clean- Citrus-Fruity- Musky-Citrus Musk-Citrus
Mugler (U) Floral (M) Musk (U) L)
u7 Gaultier 2 J. Paul 2005 | Oriental-Vanilla — — Woody-Oriental- Musk-Floral- — Floriental (F) Green-Floral
Gaultier (F) Classical (U) Green
U8 Eau de Cartier Cartier 2001 Citrus-Aromatic Floral- Chypre-Fresh (F) Citrus Rich (U) Violet leaf- - Floral- Oriental-
V) Fresh (F) Woody-Citrus Woody-Citrus Citrus-Fruity
L)
U9 Voyage d'Hermés | Hermés 2010 | Woody-Floral- — — Woody-Fresh- — Fresh-Musk- — ‘Woody-Fruity
Musk (U) Citrus-Fruity (U) Woody (U)
U10 | Eau de Gentiane Hermes 2009 | Woody-Floral- - — Woody-Crisp- - [(8)] — Woody-Musk
Blanch Musk (M) Green (U)
Ull Eau de Sisley 1976 | Floral-Green (F) — — Green-Classical — V) — Floral-Citrus-
Campagne U) Green

Their gender from each fragrance house or expert is also presented: Feminine (F), Masculine (M), or Unisex (U) fragrances.
Source: Adapted with permission from Teixeira (2011). © 2011, M.A. Teixeira.
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Fig. 4.13. PRs for unisex perfumes Ul—U6. Adapted with permission from Teixeira (2011). © 2011, M.A.

Teixeira.

classification as feminine (F) or masculine (M) fragrance. This stresses
what was aforementioned, so that not only in the character classifica-
tion but also in the gender assignment there are some differences.

From the comparison of the PRs predicted in this work and the
classifications shown on Table 4.6, it is possible to see a very good
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Fig. 4.14. PRs for unisex perfumes U7—Ull. Adapted with permission from Teixeira (2011). © 2011,
M.A. Teixeira.

agreement. For the great majority of the commercial perfumes, the PR
methodology predicts the primary olfactive family, with few exceptions
for Eau Parfumée (U4) and Eau de Cartier (U8) for which only sec-
ondary families were well predicted. Nevertheless, for perfumes like
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U9, U10, or Ull predictions were obtained that match perfectly well
all the classifications from the experts.

As a curiosity, it should be noted for these unisex perfumes the pres-
ence of the musk family, which gives sweetness to the perceived scent
and which was not that common on the feminine perfumes studied
before.

4.4.3 Evaluation of Odor Intensities of Similar Perfumes

As stated in the beginning of this chapter, perfumes can be classified
in terms of their chemical composition (depending on the desired
type of application) or their olfactory families (for character or quality
analysis). Here, we will compare both the perceived odor intensity
and character of similar perfumes (same brand and model) that were
designed to be fine fragrances (e.g., Eau de Toilette) or used as lighter
fragrances (e.g., Eau Fraiche or After Shave). For that purpose, two
fragrances were selected: one feminine which was previously evaluated
in terms of odor character only—Addict (Dior)—with its two versions,
FEau de Toilette and Eau Fraiche, and one masculine
fragrance—Euphoria Intense (Calvin Klein)—with the Eau de Toilette
and After Shave versions. A comparison between the PRs is shown in
Fig. 4.15.

The PR methodology was applied to these different fragrance versions
which, as we know, will differ in their composition, especially in terms
of alcohol and water content. First of all, a comparison between the
compositions of these fragrances has shown that although they have

(a) Addict (Dior) (b) Euphoria Intense {Calvin Klein)

Eau de Toilette Floral Eau de Toilette
Eau Fraiche After Shave

Floral

Green Fruity Green Fruity

I,

Herbaceous Herbaceous PO

Citrus + - + « Citrus
1500 2900 4400 5800 4600 9100 14,000 18,000

Musk ) Woody Musk ) Woody

Oriental Oriental

Fig. 4.15. Comparison between the odor intensities of the olfactive families of two different fragrances: (a) Eau
de Toilette versus Eau Fraiche versions of the commercial perfume Addict (Dior) and (b) Eau de Toilette
and After Shave versions of Euphoria Intense (Calvin Klein). Adapted with permission from Teixeira (2011).
© 2011, M.A. Teixeira.
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almost the same fragrant components within the mixture, some of them
are present in significantly different concentrations, despite the obvious
differences in ethanol and water content. For example, in Addict,
limonene and linalyl acetate are, respectively, three and five times more
concentrated in the Eau de Toilette than in the Eau Fraiche, while they
have eight and four times more concentration in the Euphoria Intense
Eau de Toilette than in the After Shave.

From the analysis of Fig. 4.15, it is clear that there are differences
in both intensity and character between the two versions of Addict
tested here (left) while for Euphoria Intense (right) the perceived
character is similar though with little differences in the intensities
of the olfactive families. Moreover, in terms of odor intensity, it is seen
that the OVs for the dominant notes of each perfume are much higher
in the woody note for Euphoria Intense (max OV;=18,000) than in
the oriental note for Addict (max OV, = 5,800).

In terms of character, Euphoria Intense is classified by experts as
woody-aromatic by Osmoz (Firmenich, 2012) and ISIPCA (ISIPCA,
2010) and as woody-oriental by The Fragrance Foundation (Edwards,
2009) and the Perfume Intelligence (Perfume Intelligence, 2011). In this
work, it is predicted as woody with powerful herbaceous and oriental
nuances, thus showing good agreement.

4.5 EXPERIMENTAL VALIDATION OF THE PR METHODOLOGY

Hitherto we have explored some of the potential applications of the PR
methodology, assessing its predictive performance by comparison with
perfumers’ olfactory ratings. Yet, another experimental validation of the
PR methodology can be attained obtaining experimental PRs: experi-
mental OV can be calculated from concentrations measured in the head-
space of some commercial perfumes. Their comparison with the
corresponding PRs predicted from the liquid composition of the perfumes
will allow assessing the predictive capability of the PR methodology.

In such experiments, the headspace composition of three commercial
perfumes belonging to different olfactive families was first analyzed by
GC/FID/MS. Once their vapor composition was known, the correspond-
ing PR was developed based on real concentrations in the gas phase. In
Fig. 4.16, a comparison between the PRs predicted from the liquid com-
position and those obtained from HS-GC measurements is presented.
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Fig. 4.16. Comparison between predicted PRs from the liquid composition (left column) and those obtained from
headspace GC-FID-MS measurements (right column). Adapted with permission from Teixeira et al. (2010).
© 2010, American Chemical Society.

From Fig. 4.16, it is possible to retain the great similarity between
the experimental PRs and those previously obtained for perfumes P2,
P3, and P5. Although for the first two perfumes (P2 and P3) there is
a complete match between the predicted and experimental radars,
for P5 the main olfactive family are the same, showing, once more, an
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Fig. 4.17. Evolution of the perceived character of the perfumes PI and P7 using the PR methodology with evapo-
ration and diffusion over time: (a) t=0s; (b) t=30s (c¢) t=60s Adapted with permission from Teixeira
et al. (2010). © 2010, American Chemical Society.

oriental-woody-green character. Only the fruity nuance, which was pre-
dicted before, was not detected in the experimental radar. That being
said, the experimental headspace classification shows a great similarity
with the predicted PRs. Furthermore, throughout the identification of
components in the headspace analyses, it was possible to see that the
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most powerful fragrances that were detected by GC/FID/MS were
also predicted by the PR methodology. This experimental validation of
the PR methodology has another great implication: it shows that the
UNIFAC method is suitable for the prediction of the VLE of multi-
component mixtures. This is mainly true when a qualitative evaluation
is being performed (as previously discussed in Chapters 2 and 3 on
the topic of the relevance of activity coefficients in multicomponent
mixtures), although some deviations may occur.

Here, a parenthesis is made to highlight the importance of such
parameter in the PR methodology. It could be argued to make a simpli-
fication and consider an ideal liquid solution. However, when compar-
ing the results obtained for both cases, despite the fact that in some
of them that qualitative evaluation may smooth the differences, in the
majority of the perfumes large discrepancies are found in their classifica-
tion. In this way, considering idealities for the liquid perfume mixture
would lead to erroneous classifications of perfumes.

Nonetheless, it should be highlighted that headspace analysis is
much more limited than it is for the liquid perfume because of the
dilution ratio. Vapor concentrations are presented highly diluted in air,
turning it more difficult to detect.

4.6 EVOLUTION OF THE PR WITH EVAPORATION
AND DIFFUSION

So far, we have presented the PR as a tool for the classification of
commercial perfumes into olfactory families. These radars represent
the main olfactory families as if they were perceived at equilibrium
concentrations (e.g., near the liquid—gas interface). However, when
perfumers evaluate the olfactory space of perfumes, they often place
the liquid in a paper blotter, fan it, and allow some time prior to
the olfactory evaluation. This allows a faster evaporation of the most
volatile species present in the mixture (mainly the ethanol). Because
the PR methodology did not contemplate this effect, we decided to
develop PRs including diffusion effects that take place over time.
In this way, the diffusion model previously presented in Chapter 3 was
applied in the PR methodology to account for the diffusion of the
fragrance ingredients of each commercial perfume in air over time (7)
and distance (z) (Teixeira et al., 2009). This diffusion model, as we
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said before, is based on Fick’s law for diffusion and because it uses
estimated data (diffusion coefficients, physicochemical properties) from
the literature, it allows the prediction of the perceived odor over time
and distance. Ahead, we present the application of the diffusion model
to two feminine perfumes (P1—L’air du Temps from Nina Ricci and
P7—Gloria from Cacharel) that will allow predicting the evolution of
the odor character shown in the PR with time.

A comparison between the PRs at equilibrium conditions and after
30 and 60 s of evaporation and diffusion are presented in Fig. 4.17
for perfumes P1 and P7. It is clear in these two examples that when
diffusion is taken into account, the concentrations in the gas phase
above the perfume change with time as the perfume evaporates. Thus,
the shape of its PR changes with time.

In the case of P1, it is seen that the initial shared dominant families,
floral and green, have changed to a more intense floral character over
time, although the green nuance is still perceived. On the other hand,
for P7 the fruity and oriental dominant families have evolved to a
stronger oriental-woody character with time. Strikingly, the evolution
of the PR over time tends to get closer to the perfumers classifications.
For L’air du Temps we predicted a floral-green character, although
the perfumers classifications (Table 4.4) were mainly floral, except that
of LT&TS which completely agreed with our PR. But if we consider the
diffusion of the perfume, its radar becomes much more floral than green,
matching what experts described before. For the perfume Gloria (P7), we
see that its initial fruity-oriental character changed over time to a more
predominant oriental-woody which is, in fact, in better agreement with
the evaluations of perfumers. Thus, the incorporation of the diffusion
model in the PR methodology tends to mimic the experimental procedure
used for perfume classification and so it predicts more accurately the
olfactive families.

4.7 FINAL CONSIDERATIONS ON THE PR METHODOLOGY

Although the application of the PR methodology for the classification
of commercial perfumes using olfactive families has proven to give accu-
rate predictions, the following remarks should be taken into account. It is
important to highlight that some differences between the simulations
and the classifications based on the olfactory perception of experienced
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perfumers may have to do with some factors discussed ahead. First, the
approximation made for the water content in the evaluated perfumes:
once we have used gas chromatographic analysis in a GC/FID/MS, water
is not detected (FID is not suitable for detection of water molecules
and MS operates only at low water concentrations, nonmoisture mode).
Consequently, the compositions of the commercial perfumes had to be
normalized, depending on the type of perfume (Eau de Toilette or Eau
Fraiche) and according to the literature (Teixeira et al., 2010). Moreover,
as previously discussed, a perfume may contain dozens of fragrance ingre-
dients of different types in its composition. As a consequence, our meth-
odology accounts for a large number of those and, thus, two issues have
to be highlighted: (i) the assumption that chromatographic areas can be
used to calculate the composition of the perfume (by assuming the same
factor of response in the FID for all chemicals); (ii) the evaluation of
the OV for each component is dependent on the availability of physico-
chemical (P}, M;, UNIFAC interaction parameters) and psychophysical
(ODT),) data. For this last reason in particular, throughout this work,
some other perfumes were discarded due to the limitation of available
threshold data or the impossibility of attributing group parameters
(UNIFAC) for fragrant molecules present in those perfumes.

Nonetheless, our PR is a modular methodology, since it combines
different models for odor perception which can be updated or simply
switched by others. In the case presented here, the UNIFAC method
was used for VLE, Fick’s law for diffusion, the OV for odor intensity,
and the Family intensity model for odor quality. Yet, each of these
stages can be modeled and/or complemented using different theories,
models, or equations.

Despite the indisputable value of the PR methodology, it is
expected that perfumers will continue to stick to their personal frame-
work and F&F companies will continue to lay on their experience to
develop new perfumes. However, the PR methodology can be adapted
to the preferences of the perfumer or company. One of the most
discrepant topics may be the classification of fragrance raw materials
into olfactive families because each F&F company has its own. The
number and type of olfactive families or their placement in the radar
are also sensitive topics for each fragrance house. Nevertheless, the
application of the PR methodology, even tailored as said, presents
two major advantages: it is a predictive tool that can be applied in
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the preformulation stage of the perfume, so there is no need for experi-
mental evaluation, and would provide a standard basis for comparison
of different perfumes. Thus, we consider it would contribute to the a
priori product design of fragrances, and would allow reducing cost and
time of production.

4.8 CONCLUSION

The PR methodology is a perfume classification tool that is able to pre-
dict the primary olfactive family of essential oils and commercial per-
fumes of different types or gender. Within its modular structure it uses
scientific models for predicting VLE (and diffusion as well) of fragrances,
combined with psychophysical models for the qualitative classification of
perfumes. Consequently, it reduces the arbitrariness of these classifica-
tions to the experimental evaluation of olfactory descriptors for pure fra-
grance chemicals, instead of relying exclusively on the sensorial
perception of perfumers for the mixture. The PR presents itself as a valu-
able technique for the design of new and improved perfumed products.
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In the opening remarks of this book, several topics within olfactory
perception, odor modeling, and engineering perfume design were
highlighted. However, the vastness and complexity of the main topics
involved in the field of odor perception together with their interdisci-
plinary nature makes any attempt to exhaust all matters remarkably
difficult.

Even so, throughout this book, several issues concerning the formu-
lation of fragrances, prediction of odor intensity and character classifi-
cation, olfactory analysis, or the evaluation of the release and
performance of perfumed products were addressed. It is now time to
summarize the major conclusions withdrawn from this work, but since
we have covered only a small part of the multitude of research topics
in Perfume Engineering, some questions were left unanswered. A long
journey is still ahead in the understanding and prediction of odor
perception.

The first step we have taken in the field of fragrances was, in fact,
on the extraction and characterization of essential oils from aromatic
plants using different techniques. However, the main target of our
research group was always toward the development of tools and scien-
tific models that could represent and, ultimately, predict the perceived
odor released from a liquid mixture of fragrance ingredients.
Following this line of thought, we presented, in the beginning of this
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book, our proposed methodology for odor perception which is a com-
bination of four main steps: (i) the release/evaporation of fragrances to
air, (i) the diffusion of fragrance molecules through the surrounding
air, (iil) the detection and intensity perception of these odorants, and,
finally, (iv) the recognition and classification of odorants’ character or
qualities. Using this approach, we have developed the Perfumery
Ternary Diagram (PTD®) methodology. It allows representing the
perceived odor character of ternary mixtures of fragrance ingredients
(or quaternary mixtures if considering, for example, a solvent-free
basis). We have shown its application to the study of the effect of the
base note on simple perfume formulations and its experimental valida-
tion. From that point, we have extended this tool to the Perfumery
Quaternary—Quinary Diagram (PQ2D®) which allows the introduc-
tion of an extra fragrance ingredient or a solvent in the mixtures. It
also allows the application to pseudoquinary systems, like when two
solvents (e.g., ethanol and water) are introduced in the formulation.
We have demonstrated the applicability of the PQ2D™ by studying the
effect of different base notes and fixatives on quaternary and quinary
perfume mixtures. Finally, we have extended this approach to octonary
perfume mixtures by introducing restrictions in the perfume composi-
tion and representing projections of a higher-order system like that
with two top, middle, and base notes as well as two solvents. One of
the great advantages of this software tool relies on its modular struc-
ture which allows changing models for each of the four steps that con-
stitute it.

Following our methodology for odor perception, it was also impor-
tant to evaluate the release of fragrance mixtures. For that purpose,
the vapor—liquid equilibria (VLE) of several fragrance systems were
evaluated experimentally and predicted by group-contribution methods
showing good agreement. After this evaporation process, fragrances
will diffuse in the air, so that a perfume will be perceived differently
over time and distance. In this propagation process, an important vari-
able for product design and formulation called product performance
should be highlighted. In the fragrance industry performance can be
evaluated in terms of the different perceived intensity and character of
a perfume with time and distance from the releasing source. We have
modeled perfume performance using a simple perfume diffusion model
based on Fick’s Second Law which was developed and implemented in
MATLAB, together with performance parameters commonly used by
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the industry. The performance of different fragrance mixtures was also
evaluated showing the effect of ethanol and fixatives in the perfume
formulation.

Another topic we have addressed in this book was on the classifica-
tion of commercial perfumes, something that is performed by experts
(perfumers) at the industry, though with large discrepancies observed
among fragrance houses. Our methodology, called Perfumery Radar
(PR), aims for a scientific and standardized classification of perfumes.
It uses models for the prediction of the VLE and Psychophysics for a
qualitative classification of perfumes, instead of relying on the senso-
rial perception of perfumers only. It was shown that the PR methodol-
ogy correctly predicted the primary olfactive family of four essential
oils and several commercial perfumes. Consequently, its application in
the industry could give important guidelines for the design of perfumed
products.

Having reviewed some of the highlights of this book, we will
embrace a brief journey through some current “hot topics” within
Perfume Engineering along with a perspective of the application of
research and development to the industry.

5.1 UNRAVELING THE SENSE OF OLFACTION

There is a wide range of opportunities for research and development
within fragrance design, formulation, and perception. These should
also be of great interest for the fragrance industry. A great part of that
stems from the complexity of the olfactory system and the lack of
knowledge we have about this sense. The olfactory system is an incred-
ible receiving and integrating mechanism that is continually collecting
multiple (suprathreshold) odor sensations. It is also a powerful chemi-
cal sense that is closely linked to the brain’s emotional center. Thus, it
is not surprising that it can play a strong role on our attitudes, moods,
or decisions. It can influence people’s cardiac rhythm, make us
salivate, or stir our memories of pleasant times in our lives. For all
this, smell can also make us buy products, which adds an economically
relevant perspective. In this way, it is undisputable the relevance of the
olfactory system in our lives.

However, several system-level organizations of olfaction still remain
unexplored and so the mechanisms behind olfactory detection and
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recognition are still far from being completely understood. For that
purpose, the Holy Grail within this field, which consequently will
have effects on others, will be the understanding of all the biochemi-
cal and neurological mechanisms behind odor detection, odor recogni-
tion, and odor intensity (Gazzaniga, 2004; Reed, 2004). From that
point, it will be possible to understand how we detect, recognize,
and associate words to odors at the molecular and neuronal levels.
Only with that level of knowledge one may establish more complex
and reliable models for olfaction, unless it is simply by serendipity
(Sell, 2006). A big step was taken in 1991 with the discovery of the
olfactory receptors family by Buck and Axel (1991) (Axel, 2005; Buck,
2005), who were later awarded the 2004 Nobel Prize in Physiology or
Medicine.

Thus, it is difficult to point a way to find those answers, but it is likely
that it will encompass molecular genetics and neuroscience studies. In the
former, there is a large number of research groups around the globe who
have been focusing their research on the study of the interactions between
odorant binding proteins (OBP), their peers odorants, and olfactory
receptors (Taylor et al., 2008; Yabuki et al., 2010). In the latter, it is also
believed that neuroscience may help understanding the role of olfactory
receptors in human olfaction and, thus, contribute to unravel the sense of
smell (Saito et al., 2004, 2009; Fleischer et al., 2009). Despite all this, the
discovery of the functioning mechanisms of such phenomena at molecu-
lar level will take long. Until then, small steps must be taken, in little
discoveries, some of which are postulated ahead.

5.2 THE ROLE OF PERFUME ENGINEERING

It is our conviction that Perfume Engineering can also help (at least in
part) for the extension of this knowledge but will definitely play an
important role in the evaluation of molecular interactions in liquid
solutions, fragrance propagation in air, and in predicting the odor
intensity and character of multicomponent fragrances. It is known that
the fragrance industry, as well as others related, deal with different
types of products containing fragrances (e.g., housechold cleaners,
toiletries, and detergents) and currently use some tools similar to those
addressed in this book during the product development process. For
that reason and considering that fragrance products often contain a
large number of ingredients, it would be of great interest to continue
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extending the PQ2D™ methodology for N component mixtures. Our
software is perfectly suited for the calculation of the odor intensity and
character of N fragrant components but their graphical representation
for higher-order systems remains complex, if not even impossible (and
so the solution goes through the use of tables of data).

Another relevant contribution that Perfume Engineering might
bring to the way we perceive odors relies on the classification and
prediction of the odor character of fragrance ingredients and mixtures.
For that purpose, we highlight at this point two different topics that
may have an impact on the near future:

1. Extension and further validation (with perfumers) of the Perfumery
Radar (PR) for the classification of multicomponent complex mix-
tures into olfactive families (or classes, like masculine/feminine per-
fumes). There are several related topics that may be evaluated
herein: (i) number and type of olfactive families; (ii) layout of the
olfactive families in the radar (relationships among olfactive fami-
lies); (iil) location of the typical fougére family (typically masculine)
which is a combination of different scents/families; and (iv) develop-
ment of a theoretically based weighing criteria for subfamilies.
Another application of the PR methodology that could be explored
would be its application to wines and other beverages (classifica-
tion). As suggested in The Economist magazine when reporting on
the PR methodology. It might also find a use in other trades that
require a good nose. A wine radar would settle any argument between
oenophiles as to whether a slight whiff of soggy cardboard indicates
that a $1000 bottle of claret has become corked (Kaplan, 2010).
Although there are differences in the composition of perfumes and
wines, the PR methodology could be applied to this field with some
modifications and adaptations.

2. Application of structure—odor relationships (SOR) to the prediction
of the odor quality(ies) of fragrance raw materials or mixtures.
Modeling of odors based on olfactophore models (Kraft et al., 2000;
Bajgrowicz et al., 2003; Kraft and Eichenberger, 2003) is something
already under development by fragrance companies. It has also been
applied to different olfactory notes for the representation of molecular
features that are responsible for a given odor (Bajgrowicz et al., 2003).
Further details on these approaches can be obtained from review
works in the field (Rossiter, 1996; Chastrette, 1997; Kraft et al., 2000,
Sell, 2006).
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Finally, we believe that Perfume Engineering has the potential for
another application, namely in the field of olfactive marketing. This is
a recent trend in the industry, a growing fashion in merchandising
places although the power of scent and its influence on people is still
not fully understood, as we have seen before. Companies typically
have their brand marketing driven only by visual images or fashion-
able music (Moeran, 2007). However, there has been a shift in recent
years toward esthetic or sensory branding. The idea remains the same:
attract consumers by appealing to their senses (sight, hearing, or olfac-
tion) and induce them to stop, smell, and buy their products. Having
said that, why marketing of brands should not be oriented to olfactory
sensations or emotions instead?

In fact, many companies have already started to associate pleasant
scents to their brands, trying to make the scent recalling the brand to
the consumer. To render this idea of sensorial marketing, there are
plenty of examples with scenting applications: shops, malls, supermar-
kets, casinos, hotels, office buildings, cinemas, or department stores
just to mention a few (Whiff Solutions, 2008; i-sensis, 2012; Scent
Marketing Institute, 2012). As a result, if in 2007 the scent marketing
industry was billed at $100 million, future predictions now point to
reach up to $1 billion by 2015 (Bradford and Desrochers, 2009).
Additionally, it was considered as one of the top 10 trends to be
watched in the upcoming years (Thomaselli, 2006). Nonetheless, this
effect of smell on consumer decision-making behavior, it is rather
surprising that olfactory marketing still remains comparatively unde-
veloped as a discipline (Moeran, 2007). The method of application is
typically by using air conditioning systems together with fragrance
diffusing apparels, which are used for the diffusion of the fragrances in
the surrounding environment. One important target would be to model
this release and dispersion phenomena in closed environments, for
which Chemical Engineering has plenty of tools. The principle for the
modeling of odor perception should use the concepts of odor threshold
concentration and perception of odor quality as its basis. Then the
determination of the exact concentration of fragrance needed so that it
is perceived by the customers as a pleasant odor around the room is a
function of the diffusivities and those two previous parameters. For
that, the modeling of such environments together with the dispersion
of the odor using mathematical diffusion models or computational
fluid dynamics (CFD) techniques would be of great value.
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5.3 FRAGRANCE PERFORMANCE: DIFFERENT ROUTES

Another important topic inside the fragrance industry is related with
the performance of their products (for which F&F companies have
dedicated research groups). Fragrances are volatile compounds that do
not often last long in air (especially if convection phenomena is
involved), so that the performance of fragranced products is often
measured by its pleasantness together with the lastingness (Gygax and
Koch, 2001). However, lastingness can be improved by means of
controlled release mechanisms or devices. There are a number of typi-
cal routes to develop long-lasting fragrances that can be related to the
chemical synthesis of new odorant molecules, use of profragrances or
microencapsulation techniques, among others. The increase of
fragrance concentrations in air or any other media presents several
advantages: it is not only socially enjoyable but it is also useful for
applications like masking malodors. Whenever a persistent odor
remains on the clothes, on our body, or in the air, the use of techni-
ques for slow fragrance release and long-lasting scents is valuable
(Stora et al., 2001; Herrmann, 2007).

In this way, one of the approaches relies on chemical synthesis of
new odorant molecules (or simply by changing small parts of it, the
so-called group substitution). For example, it is possible to reduce
odorant volatility without changing its odor characteristics. These
methods are already used at the industry, as for example with the
Doremox®™ molecule: a derivative of rose oxide, chemically modified
by increasing its molecular weight and resulting in a 10-fold less
volatile molecule than its precursor (Watkins et al., 1993).

Another technique is the use of dynamic mixtures where fragrances
are mixed together with fragrance precursors, called profragrances,
and reversible covalent reactions occur (Levrand et al.,, 2006;
Herrmann, 2007). In this process, the fragrance is chemically produced
after a trigger is activated, and then it is released. Different triggers
may be used: enzymes, light, temperature or pH change, hydrolysis, or
dynamic equilibrium. This process is expected to produce a slow
release of fragrance materials in the air, thus producing a long-lasting
perceived odor sensation. This concept (which is widely used in the
pharmaceutical industry) was introduced to functional perfumery by
Firmenich in the mid 1990s (Gautschi et al., 2001). Back then, for
textile applications they used lipases in their detergent formulations to
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hydrolyze esters of fragrant alcohols, which in turn had better affinities
toward fabrics than other fragrance ingredients.

Nevertheless, the most common process for the controlled release
of highly volatile odorants has its origin in drug release techniques: the
encapsulation of odorants into matrices or specifically designed
capsules. This technology often makes use of polymeric microcapsules
which act as small containers of a liquid solution to be released from
the inner core under controlled conditions to address a specific
purpose. In this way, it slows down their release and improves the
lastingness of the fragranced product (Kukovic and Knez, 1996; Soest,
2007; Rodrigues et al., 2008, 2009; Martins et al., 2009; Haefliger
et al., 2010; Specos et al., 2010; Teixeira et al., 2011).

5.4 FRAGRANCE STABILITY

Closely related to this last topic, is the fact that the fragrance industry
is “speeding up,” or in other words, is producing different fragranced
products in large numbers and in short times. Twenty-five years ago,
less than a hundred perfumes were introduced each year. Considering
the year 2011 alone, there were more than 500 new fragrances
launched in the market (although many of these will ultimately not
succeed and be discontinued). A reason for this exponential growth is
because unlike 25 years ago, the life of a perfume today is relatively
short. According to Lefingwell, in many cases now a fragrance will be
very popular for a year or two, then the consumers move on (Davies,
2009). This “volatility” of preferences crosses continents and cultures,
because it is a consequence of the evolution of our society, and so
pushes the industry to produce new formulations faster. If the PQ2D™
methodology may speed up the design process of new fragrances, there
may be other limiting steps for the formulation of the final product
like the evaluation of product stability or maceration time. For the
former, stability issues rise most of the times when fragrances are
added to functional products which have different bases or matrices
that are likely to interact differently with the fragrances. Nevertheless,
some restrictions are also taken into account for fine fragrance devel-
opment. From a consumer point of view, fragrance products must
be unvarying in terms of quality. For that purpose, the main issues
include: (i) chemical interactions between fragrance ingredients or com-
ponents of the product base (where pH plays an important role also);
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(i1)) compatibility with the container or package material (e.g., should
avoid evaporation losses); (iii) the possibility of product discoloration
(e.g., due to formation of organometallic complexes with iron or other
metal ions, due to UV irradiation effects); (iv) compound oxidation
(e.g., unsaturated terpenes are likely to undergo air oxidation); and (v)
loss of perfume strength by evaporation that leads to a change in
odor character (Poucher, 1955; Calkin and Jellinek, 1994). The prob-
lem, however, is that although the majority of the reactions leading to
perfume instability are known and understood (and so its behavior
could be predicted a priori), in practice the combination of all these
factors may turn it difficult to foresee. On the other hand, the macera-
tion time for a perfume is usually long (several weeks or even months),
in order to guarantee that (eventual) reactive processes are controlled
and that the product is kept stable (“steady state”). The problem here
is that the maceration period often exceeds the time that would be
really necessary to obtain the desired organoleptic properties for the
perfume (Lopez-Nogueroles et al., 2010). In this way, further studies
that would encompass the prediction of the stability of fragrance pro-
ducts and optimize the maceration time needed would contribute to
decrease the production time and economic costs.

5.5 INTEGRATIVE APPROACH FOR PRODUCT DEVELOPMENT:
THE ROLE OF MICROECONOMICS AND PLANNING
STRATEGIES

Recalling the classical perspective of Product Engineering presented in
Chapter 1, it encloses the methodology following the quatriplete
needs—ideas—selection—manufacture: it starts with the identification
of consumer needs, which leads to the development of ideas and, then,
their selection is made up to the manufacture of the product (Cussler
and Moggridge, 2001; Wesselingh et al., 2007; Ulrich and Eppinger,
2011). However, apart from the similarities these authors share among
them, there are several other approaches that have been proposed for
chemical product development over the last decade. Recently, some
valuable contributions have been added, especially dealing with micro-
economics for a sustainable product development. Within that line of
thought, appears the industrial framework called Stage-Gate™
Product Development Process (STPDP) which uses product design
strategies based on decision analysis (Cooper, 2001; Seider et al., 2010)
or the approach from Bagajewicz (Bagajewicz, 2007; Bagajewicz,
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et al., 2011), who applies microeconomics evaluations from the begin-
ning of product design.

In this way, we consider that economic evaluations/predictions of
product cost together with the potential success in the market (e.g., for
a new fragranced product or a new commercial perfume to be devel-
oped) would be of great value. It is known that it is extremely difficult
to evaluate consumer preferences for a perfume, and thus to predict its
success. So far, the triumph of a perfume in the market has been put
on the hands of the perfumers, the brand, or celebrity that signs the
product and the money that is spent on marketing and publicity.
Nevertheless, the development of a model or approach that would
consider a preevaluation of consumer demand by introducing pricing
and microeconomics models in order to define the best properties for
the desired product would be an excellent task for further studies and
also, without a doubt, for the industry as well.

In sum, there are plenty of opportunities and new applications for
fragrance research in the future ahead. For that, the understanding of
how do humans perceive odors and mixtures of them will be crucial
for the success in many different fields. Nevertheless, odors will always
make part of our lives, ruling somehow our behavior.
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