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ABSTRACT: Self-diffusion NMR spectroscopy and relaxometry have been employed to study fragrance
encapsulation in water-soluble, amphiphilic star block copolymers. Diffusion coefficients of four different fragrance
molecules in the free form and in the presence of the polymer have been determined and used to calculate the
effective degree of encapsulation. In dilute aqueous solutions between 65% and 99% of the guest molecules are
trapped inside the polymer. The degree of encapsulation depends on the hydrophobicity of the guest molecule,
expressed by the octanol/water partitioning coefficient (Rgy), where high logPow molecules are nearly
quantitatively dissolved in the polymer. The fragrance molecules are mainly located in the hydrophobic core of
the polymer, which is tightly packed, whereas the hydrophilic shell is flexible and takes up only a small percentage.
Proton longitudinal T;) and transverseTg) relaxation times of the fragrance molecules are significantly reduced

in the presence of the polymer indicating slower rotational correlation times due to microsolubilization in the
hydrophobic core.

Introduction We have recently reported the synthesis and characterization

Delivery systems play a role of increasing importance in of a new class of water-soluble, amphiphilic multiarm stgr block
fragrance chemistry nowadays? Their main task is to guar- ~ Copolymers®2’The polymers were prepared by sequential atom
antee the solubility of less polar, volatile fragrance compounds transfer radical polymerization (ATRP) afbutyl methacrylate
in typical applications with high water content by entrapping (BMA) and poly(ethylene glycol) methyl ether methacrylate
or encapsulating them in a certain type of “amphiphilic’ (PEGMA), and the resulting compounds with a cesgell
container. These carrier systems are used for the controlled,architecture were shown to act as host systems for small,
retarded release of the fragrance molecules as well as for theirydrophobic fragrance molecul&s?’ In this connection, it is
protection against degradation in order to avoid performance Of importance to gain knowledge about the interaction of these
loss. In addition to the classical approach to employ surfactantsfragrance compounds with their host molecules. Their localiza-
of different types or surfactant mixtures, synthetic polymers with tion in the host, the amount of molecules entrapped, and effects
amphiphilic properties have attracted the attention of researcherson the structure of the host due to encapsulation are important
in fragrance chemistry during the last ye4i&ailored polymers guestions to address in order to understand and to optimize the
as delivery systems are widely known in pharmaceutics where properties of the system as a whole.
they ensure the transport of active molecules to the intended  Self-diffusion NMR spectroscopy and relaxometry are well
site of action in order to improve their therapeutic effectivefiess. suited Spectroscopic methods in order to answer these ques-

Apart from linear polymers, branched systems like dendrim- tjons28 Self-diffusion NMR was developed by Stejskal and
erg%t with different end group functionalities have been Tanner in 19632 Since then the technique has proven to deliver
developed which are able to interact with various types of detailed insights into the dynamical and structural properties
organic guest molecul&s> and/or exhibit micelle-like  of syrfactant systeni®;3! food model system& lipid mem-
properties®2* thus mimicking the behavior of surfactants. pranes®3 supramolecular chemicalé, proteins®® and poly-
Dendrimers have regulla.rly branched, ngl-deflned molecular mers®3’Some dendrimeric systems have also been investigfatéd.
structures, but are difficult to synthesize. Hyperbranched The dependence of the diffusion coefficients on generation
polymers2*25are a promising, cheaper alternative, because they nymper, concentration and temperature revealed information

can easily be prepared from AfBype monomers in a one-step  ahqyt the structure and the size of the dendrimers as well as
synthesis. Disadvantages are imperfect branching and p°|yd'3'aggregation effects in solution.

persity, thus making it difficult to characterize them spectro-

scopically. To study this new class of water-soluble, amphiphilic

multiarm star block copolymers in more detail we employed
) . ) ) . self-diffusion NMR to determine the diffusion coefficients of
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Chart 1. Structures of the Fragrance Molecules Used for the
Encapsulation Studies
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Chart 2. Average Structure of the Boltorn HBP H40 Functional
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Chart 3. Schematic Representation of Polymers
H40-PBMA3-b-PPEGMA 35 and H40-PPEGMAsy
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free form of the fragrance molecules were prepared by dissolving
1 uL of the fragrance oil in 70@L D,0. For high logPow samples,
further dilution was necessary in order to obtain the monomeric
form.

NMR Spectroscopy. NMR diffusion measurements were re-
corded at 25C on a Bruker 400 MHz Avance Il system equipped
with a 5 mm diffusion probe (Bruker Diff 30). The gradient
amplitude was calibrated to 1215 G chat maximum intensity
by means of a sample of doped water and diffusion coefficients
from literature. Diffusion coefficients were obtained from a
stimulated echo pulse sequeréin a typical experiment, 16 spectra
were recorded with increasing gradient strength, where gradient
pulse duration (+2 ms), diffusion delay (2640 ms), and maximal
gradient strength were adjusted for each molecule in the mixture
in order to obtain a complete decay of the diffusion curve. The
amplitudes in the diffusion decay are expressed as the ratio of the
observed signal intensities in the experiment and the signal intensity
that would be observed at zero gradient strerigitt

I, = exp[—y® 6 g° (A—0/3) D] (eq 1)
wherey is the gyromagnetic rati@) is the gradient pulse duration,
g is the gradient amplitude) is the diffusion delay in the NMR
experiment, and@ is the diffusion coefficient. All experiments were

about the localization of the fragrance molecules and the internalanalyzed using Bruker TopSpin 1.3 or XWIN-NMR 3.2 software.

dynamics of the hostguest system.

Experimental Section

Materials. Benzyl acetate, geraniol (trans-3,7-dimethyl-2,6-
octadien-1-ol), decanal, and Vertenextéft-butylcyclohexyl ac-

Diffusion decays were fit to monoexponential decay functions. The
signal of the poly(ethylene glycol) moiety was used for the
determination of the diffusion coefficient of the polymer, whereas
for the fragrance molecules each signal that did not overlap with
the polymer resonances was analyzed separately. The deviation of
the obtained diffusion coefficients was usually less than 5%. The

etate, Chart 1) are commercially available perfumery commodities program CONTING47that uses the inverse Laplace transformation

which were used without further purification. The |Bgw values
(octanol/water partitioning coefficientd)*2 of the fragrance mol-

ecules were determined by HPLC (benzyl acetate, 2.04; geraniol,

for the determination of distributions of decay rates was used for
the analysis of the polydispersity of H40-PBNMAb-PPEGMAg.
On the basis of a two-site model the effective degree of

2.97; decanal, 4.00; Vertenex, 4.47). Polymers investigated in this encapsulation of fragrance molecules in the polymer was determined
study were based on a commercially available fourth generation by

hyperbranched polyester core (Boltorn H40, Chart 2) which was

either functionalized with a hydrophobic patybutyl methacrylate)
(PBMA) inner shell and a hydrophilic poly[poly(ethylene glycol)

fenc= (Dfra ree — Dfragem)/(Dfra ree — Dpolyem)

g 9 (eq2)

methyl ether methacrylate] (PPEGMA) outer shell to give H40- \here Dy and Dy are the diffusion coefficients of the

PBMA;7-b-PPEGMAgg or only with a hydrophilic PPEGMA shell

fragrance molecule in the free and the encapsulated forms, and

to give H40-PPEGMA, (Chart 3). These samples, both having Dpoy®¢is the diffusion coefficient of the polymer in the presence
roughly the same total average molecular weights, were synthesizedof the fragrance molecule.

as reported previoushkf.

Sample Preparation. Solutions of 1 wt % H40-PBMAy-b-
PPEGMAy and 1.2 wt % H40-PPEGM# in D,O were prepared.

Relaxation experiments were carried out on Bruker 400 MHz
Avance Il or Bruker 500 MHz Avance instruments. Longitudinal
T, and transversé, relaxation times were obtained from inversion

An excess amount of fragrance oil was added and the sample wagecovery and CPMG experiments, respectively, with a relaxation
sealed and shaken at room temperature overnight. Samples of thelelay between single scans that was in all cases larger than or
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Figure 2. LongitudinalT; (full circles) and transversg, (open circles)

proton relaxation times at 500 MHz as a function of the position in the
PEGMA unit of H40-PBMA#~b-PPEGMAs,.
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Figure 1. H NMR spectra of H40-PBM4y-b-PPEGMA (A) and 0 1e+11 2e+11 3e+11
H40-PPEGMAy (B) in DO at 25°C. The peaks at 4.67 ppm are due (yg)X(A-5/3)

to residual HO in the solvent. The same spectra but with the ordinate

enlarged in order to see the peaks in the aliphatic regions are depictedrigure 3. Semilogarithmic plot of the attenuation of the NMR signall
in the insets. at 3.63 ppm in the STE diffusion experiment of H40-PBM#A-
PPEGMA as a function of the gradient strenggh The dotted and
the full lines represent fitting curves due to linear regression and
CONTIN analysis, respectively. The inset depicts the distribution of
diffusion coefficients that was obtained from the CONTIN analysis.

equal to 5x T;. Relaxation times were measured for individual
methyl groups in the fragrance molecules (benzyl acetatt;—C
CO, 6 = 2.02 ppm; geraniol, B;3—C(CHz)=C, 6 = 1.52 ppm;

decanal, €l3—CH,, 6 = 0.75 ppm; Vertenex, (83)s—C,d = 0.74 -
ppm). A monoexponential fitting was applied to all relaxation 9.6e-12-
curves. 0.46-12.
For the titration series of H40-PBM#hb-PPEGMAyy with -
benzyl acetate several solutions of the polymer were prepared to ~E 9.2e-12
which exact quantities of the fragrance oil were added. DMSO was — °
used as an internal standard. Experiments were carried out with a Q 9.0e-127
relaxation delay of 25 s and acquisition time of 5 s, and integrals 8.86-12-
were measured for the DMSO peak and the aromatic signals of
benzyl acetate, respectively. 8.6e-127

T T
0 0.2 0.4 0.6 0.8 1
concentration [wt %]

Figure 4. Diffusion coefficients of H40-PBMA-b-PPEGMA;, at
various concentrations of the polymer. Data were fit by linear regression.

Results and Discussion

Polymer Structure and Dynamics.The'H NMR spectrum
of H40-PBMAs7-b-PPEGMAgg in DO is dominated by the
peaks corresponding to the protons of the poly(ethylene glycol)
moiety of the PPEGMA hydrophilic shell (Figure 1). Chemical T; and T, times can be observed starting from the terminal
shifts can be resolved for the terminal methyl group (3.31 ppm) methyl groups toward the central methylene groups of the PEG
and the first (4.11 ppm) and the last methylene groups (3.55 side chains indicating that the mobility is highest at the end of
ppm) in the PEG side chain, respectively, whereas all other the chain and decreases when the backbone is approached
methylene groups overlap (3.63 ppm). In the aliphatic region (Figure 2).T, times continue to decrease from the innermost
very broad signals corresponding to the protons of the backbonemethylene group to the aliphatic protons of the backbone.
of the PEGMA building blocks are found (2:D.7 ppm). Apparently, dynamics are more restricted in these parts. Since
Compared to the spectrum in,O of H40-PPEGMA,, a reorientation about chemical bonds in this part of the molecule
polymer that lacks the hydrophobic core and where the NMR requires the concerted motion of large groups attached to them,
signals necessarily correspond to the PEGMA units only, no dynamics are highly decreased leading to long rotational
additional peaks can be detected, and the ratios of the integralscorrelation times and low, values. In contrast]; times in
of the PPEGMA side chain and backbone protons are the samethese regions do not decrease further but are even slightly higher.
for both molecules (Figure 1). Hence, protons in the hydrophobic Compared to the highly mobile, terminal protons that lie in the
PBMA core of the polymer are invisible in the NMR spectrum extreme narrowing region, backbone protons presumably lie on
of H40-PBMAg-b-PPEGMAse. the right side of thel'; minimum, whereT; times increase and

Longitudinal T; and transversd, proton relaxation times T, times decrease as a function of the rotational correlation
were used to identify the dynamic properties in the hydrophilic time38 It has to be mentioned that transverkg relaxation
shell of H40-PBMA+~b-PPEGMAss. A sharp decrease of both  decays of H40-PBMAr-b-PPEGMAss have been fit to
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Figure 5. Encapsulation of different fragrance molecules in solutions of H40-PBENAPPEGMA; (A) and H40-PPEGMA, (B). Fragrance
molecules were benzyl acetate (IBgw 2.04), geraniol (2.97), decanal (4.00), and Vertenex (4.47). Diffusion coefficients are depicted for the
fragrance molecules in the free form (open circles) and encapsulated form (filled squares), respectively, and for the polymer (open diamonds).

Table 1. Proton Relaxation Data at 500 MHz of Fragrance Molecules in the Free Form and Encapsulated Form in H40-PBMAb-PPEGMA 39

Iog Pow Tlfree [mS]a T,8nc [ms] Tzfree [ms] Tzenc[ms] T1/T2free T1/T2e”°
benzyl acetate 2.04 409817 2118+ 7 3751+ 13 566+ 2 1.09 3.74
geraniol 2.97 310% 20 1282+ 18 1627+ 23 158+ 2 1.91 8.11
decanal 4.00 247% 27 944+ 6 776+ 47 123+ 8 3.19 7.67
Vertenex 4.47 944 4 588+ 10 928+ 10 15+ 1 1.02 39.2

aT,; and T, times were determined at specific methyl positions in the individual molecules. For details see Materials and Methods.

monoexponential fitting functions, while they rather show a correlation with the experimental data (Figure 3). A Gaussian
superposition of more than one exponential function. This is distribution of diffusion coefficients is obtained that is centered
not surprising for such a system, and it reflects local differences at 9.3 x 10712 m%s and has a full width at half-maximum of
in dynamics in the hydrophilic shell as these locations are not 1.57 x 10~ m?%s (see inset, Figure 3).

shift-resolvable. Moreover, it has been demonstrated by gel A concentration series was carried out in order to calculate
permeation chromatography (GPC) that the molecular weight the effective hydrodynamic radius from the Stok&nstein
distribution of H40-PBMA7b-PPEGMAsis polydisperseNlw/ equation at infinite dilutiorD.3%50 Extrapolation from linear
Mn = 2.04° and differences i values could arise between  regression of the diffusion coefficients that were measured
the individual components of the mixture. between 1 and 0.06 wt % vyields Ry of 9.70 x 10712 m?s
These data show the large range of amplitudes that govern(rigure 4). Using this value and the viscosity ofat 25°C5!
internal mobility in H40-PBMA+b-PPEGMAse. The outer in the equation, a hydrodynamic radi® of 20.5 nm is
PPEGMA layer of the polymer is flexible, and relaxation gptained. We reported previously a radius of gyrati of
measurements indicate good solubilization and the absence 02 2 nm that was determined from SAXS measureRientd
strong interactions between the individual arms. On the other it to the model of Pedersen and Gersten8R§.Taking into
hand, resonance lines in the hydrophobic PBMA section are gccount the known relationship betweRnandRg for spherical
broadened beyond detection limit due to highly restricted, solid- moleculesRg = 0.775R,5455 both values are in good agree-
state like dynamics. Here, transverse relaxation is dominated ment.
by the overall tumbling of the molecule that is very slow
according to its high molecular weight of 782 kBfdn contrast,
when H40-PBMA-b-PPEGMAge was dissolved in the much
less polar solvent CDg@PBMA signals could well be detected
(data not shown). Thus, the complete cancellation of PBMA

Fragrance Encapsulation. We demonstrated already by
NMR spectroscopy that fragrance molecules are effectively
encapsulated in the amphiphilic copolymé&tsiere we extend
the analysis to self-diffusion NMR and relaxometry. Both
techniques report on molecular motion, but the type and time

signals in DO seems to reflect the tight packing of backbone - .
. - scales are different. Whereas relaxometry reports on rotation
and sidechains in order to exclude the polar water molecules. - ; - . - -
and internal motions in the pico- to nanosecond time regime,

These findings confirm .the microphase separated structure of Qdiffusion NMR probes translation in the millisecond to second
spherical core and a diffuse PPEGMA corona determined by _. .
! : ; ! time regime.
differential scanning calorimetry (DSC) and small-angle X-ray o o o
scattering (SAXS) measuremefs. The determination of diffusion data for each individual
Self-Diffusion of H40-PBMAs~b-PPEGMAss. The simu- compound in a mixture is the outstanding advantage of self-
lated echo pulse sequefitwas used to determine the diffusion  diffusion NMR. According to Stokes’ law diffusion coefficients
coefficients of H40-PBMA~b-PPEGMAss. Monoexponential of fragrance and polymer molecules are distinct from each other
curve fitting yields a diffusion coefficient of 8.56 1012 due to their large difference in molecular Weigh't. When a
m?/s. From a semilogarithmic plot, however, it is obvious that fragrance molecule enters the polymer, however, it will travel
the measured values do not decay in a straight line as it would With the speed of the host molecule. Since the exchange between

be expected for the isotropic diffusion of a monodisperse the free and the encapsulated forms is an equilibrium process
molecule (Figure 3). This behavior is rather due to the the measured diffusion coefficientis a weighted, average value.
polydisperse nature of H40-PBMAb-PPEGMAss. The pro- Thus, the effective degree of encapsulation can be calculated
gram CONTIN is especially designed for the analysis of such When the diffusion coefficients of fragrance molecules in the
sampleg647 where continuous distributions of diffusion coef- free form and in the presence of the polymer are determined.
ficients are determined by means of the inverse Laplace Four fragrance molecules were chosen that span a large range
transformatiorf®4°The result of the CONTIN fit of the diffusion  of log Pow values (2-4.5). As it can be seen in Figure 5A the
experiment of H40-PBMAy-b-PPEGMAsg shows an excellent diffusion coefficients of all fragrance molecules in the presence
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] The size of the polymer is not correlated with the amount of

5e-10 encapsulated guest molecules. It increases to some extent for
§ ., benzyl acetate (2.5% decrease of diffusion coefficient), decanal
@ 4e-10 . (3.4%), and Vertenex (6.1%). However, the reversed effect has
E . . been observed for geraniol where the size of the polymer
Q 3e-10- . decreases (18% increase of diffusion coefficient). The effective
q * size seems rather to be influenced by structural changes of the
2e-10 . . T . polymer as a function of the nature of the encapsulated molecule.

0 100 200 300 400 500 Fragrance molecules are mainly located in the hydrophobic core

of the polymer. In the presence of H40-PPEGM)Awhich

06 4 contains the PPEGMA shell but lacks the hydrophobic core,

¢ the diffusion coefficients of the fragrance molecules decrease
0.5 4 only little compared to the free forms (Figure 5B). The degree

i * of encapsulation is only between 17% (benzyl acetate) and 28%
0.4 o (Vertenex). Similar results were obtained from gquantitative

NMR studies?®

Proton relaxation data of fragrance molecules are good
indicators for encapsulation, too. Longitudindh) and trans-

0.3 T T T T
0 100 200 300 400 500

mes,/ m™™ [mg/g] verse ) relaxation times of the four fragrance compounds
Figure 6. (A) Diffusion coefficients of benzyl acetate at different ~decreased dramatically n the presence .Of H40'RBW
concentrations in 1 wt % solutions of H40-PBN#A-PPEGMAs, PPEGMAgg (Table 1). This is compatible with a restriction of

where the sample at highest concentration represents the saturated fornthe dynamics of the small molecules due to encapsul&fion.

The amount of benzyl acetate was calculated from DMSO as internal Relaxation data can be used to estimate the overall rotational
standard and is the total of free and encapsulated molecules in each

sample. (B) Degree of encapsulation of benzyl acetate in 1 wt % cOrrelation timezc when expressed as the rafl@/T2.%® The
solutions of H40-PBMA-b-PPEGMAg as a function of total concen-  values of the encapsulated forms are significantly higher than
tration of benzyl acetate in the polymer solution. that of the free forms, showing a substantial slowing down of
the rotational tumbling upon encapsulation in the polymer.
2y Additionally, T4/T, ratios are very much depended on the nature
0.98 ] ) of the molecule itself, and for high logow molecules we find
values that are ten times larger than for low Rgy molecules.
This may be a consequence of the increasing degree of
] A encapsulation as a function of I&pw that has been observed
0.94 with diffusion NMR, as the apparent rotational correlation time

1 reflects a weighted average over free and encapsulated forms.
0.92 7] Al However, relaxation data inherently depend on the direct

o 100 200 300 400 500 chemical environment of the protons, which hampers a quantita-

tive comparison of different molecules. In addition to that,

[mg/g] binding affinities and interactions inside the polymer may be
Figure 7. Proton chemical shifts of benzyl acetate in 1 wt % solutions  different for each fragrance molecule, and due to the equilibrium

of ';,40'F_’|BMAGTb'F;]PEG_M&9 r;oLmaliéed_on theT ihiﬂs ?f theffree form  nature of the exchange process, relaxation values for the pure
(ar ltrarly set to the origin o the a SClSSﬁ). e values for aromatic bound states are not accessible.

protons (filled circles), methylene protons (open squares), and methyl
protons (filled triangles) are depicted as a function of the total It is interesting to note that although dynamics in the inner

concentration of benzyl acetate in the polymer solution. core are highly restricted and protons of the polymer are

. invisible to NMR detection, fragrance molecules that are
of H4O'PBMA€Tb'PPEGMA39 are significantly Iqwer than that dissolved therein still give rise to NMR signals in a quantitative
of the free forms proving successful encapsulation. The absoluternanner However, relaxation data prove the presence of slow
values, however, depend on the type of molecule under ' '

investigation. Using the loPow value as the parameter of motion once the guest molecules are encapsulated in the
9 ) g e ow 1< P polymer. It seems thus that they are mainly microsolubilized

comparison, the diffusion coefficients of the encapsulated : : . :

in the hydrophobic core of the polymer rather than forming oil

fragrance molecules approach the values of the polymer as a

function of logPow. The relative amount that is encapsulated g;oeféz’ O?L;EJQSO?%?F;:;??:ar:gI?;stjtliicsﬁglnpgsv?/ietiiheen?rzgeh
in H40-PBMAg-b-PPEGMAys increases from 65% for benzyl Y 9

acetate, 76% for geraniol, to 99% for decanal and 98% for form in bulk solution.

Vertenex, respectively, showing a nearly complete uptake of ~ Titration of H40-PBMA 37-b-PPEGMA3o with Benzyl Ac-

high log Pow molecules. Generally, diffusion decay curves of €tate. In the previous experiments, we measured fragrance
the fragrance molecules are not bi- but monoexponential €ncapsulation in saturated solutions. In order to obtain informa-
indicating fast exchange between the free and encapsulatedion about the actual chemical equilibrium of polymer and
forms?38 but for high logPow molecules we observe a similar ~ fragrance molecules a titration series was carried out where
diffusion decay as for the polymer itself due to polydispersity. increasing amounts of benzyl acetate were added to the polymer
The observed relationship between the degree of encapsulatiorsolution until finally saturation was achieved. Benzyl acetate
and the logPow value appears reasonable, as high Rgy was chosen for two reasons. First, it is encapsulated in higher
molecules have a low solubility in water and are likely to prefer amounts than the other fragrance molecules studied, which
the environment in the hydrophobic core of the polymer rather facilitates the addition of minute amounts in the sample
than low logPow molecules that are much better water-soluble. preparation. Second, the fraction of the free form is still

1 8
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o
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Table 2. Proton Relaxation Data at 400 MHz of Benzyl Acetate Encapsulated in H40-PBMg&-b-PPEGMA 39

mass ratio Ty (Haron‘) T (Haron‘) T, (CHz) T, (CHz) Ty (CH3) T (CH3)
[mg/gl [ms] [ms] Ta/ T, (Ha°m) [ms] [ms] T/ T2 (CHp) [ms] [ms] Ti/T2 (CHa)
o 7111+£20 5215+ 28 1.36 3180t 7 2592429  1.23 4482£20 3832+ 17 1.17
85.% 845+ 20 36+ 1 23.3 n.d. n.d. n.d. 829 17 40+ 1 20.8
109 842+ 22 59+ 1 14.3 768+ 12 n.d. n.d. 87213 70+ 2 12.4
239 1455+ 33 340+ 2 4.28 1053+ 13 213+ 4 4.94 1320+ 12 373+ 5 3.54
34z 1927+ 23 462+ 8 4.17 1271412 322+ 5 3.95 1686+ 13 461+ 6 3.66
346 1720+ 15 493+ 6 3.49 1132+ 7 399+ 9 2.83 1463+ 9 551+ 4 2.66
463 1895+ 5 521+ 5 3.64 1206+ 5 449+ 5 2.69 14674 12 520+ 5 2.82
489 1988+ 6 595+ 4 3.34 1252+ 7 495+ 5 2.53 1632+ 7 532+ 6 3.07

aTotal mass of benzyl acetate in solution per mass of H40-PBABPPEGMAs,. P Solution of 1% benzyl acetate in,D without polymer.t Data
determined at 500 MHz.

significant and the system can be studied under equilibrium plasticizing effects of benzyl acetate in that it would render the
conditions between free and encapsulated forms. polymer chains in the hydrophobic core more mobile and with
By increasing the amount of benzyl acetate that is added to it the microsolubilized fragrance molecules. In fact, in the NMR
a 1 wt % solution of H40-PBMAy-b-PPEGMAsg the diffusion spectrum of H40-PBM4Ay-b-PPEGMAgg in DO in the presence
coefficient of the fragrance molecule decreases (Figure 6). of benzyl acetate additional broad peaks appear in the aliphatic
According to eq 2, the degree of encapsulation increasesregion (data not shown) that presumably correspond to the
continuously with the amount of benzyl acetate added. It seemsPBMA units of the polymer core that are otherwise not
that the encapsulation process is an equilibrium process betweerletectable.
the two phases, i.e., water phase and the hydrophobic particle .
interior, respectively, where the equilibrium is shifted to the Conclusions
right side by increasing the amount of the fragrance molecules. In the present work, we have shown the encapsulation of
The mole fraction in the polymer increases from 40% at a total hydrophobic guest molecules in hyperbranched star block
amount of benzyl acetate in solution of 86 mg/g of polymer to copolymers by diffusion NMR and proton relaxation measure-
64% in the saturated form (489 mg benzyl acetate/g of polymer). ments. The data show the successful concept of the new class
The maximum load of benzyl acetate in the polymer is thus of core-shell polymer delivery systent8.Hydrophobic guest
313 mg/g of polymer. This amount seems to be related to the molecules are mainly dissolved in the hydrophobic core. The
extent of the hydrophobic core. In H40-PBN#b-PPEG- degree of encapsulation is strongly Bgw dependent, and high
MA 40,26 a polymer where the PBMA element is approximately log Pow molecules are nearly quantitatively dissolved in the
60% longer, the maximum load is more than doubled (700 mg polymer. The coreshell architecture can be described by a
benzyl acetate/g of polymer, data not shown). microphase separated structure. The hydrophobic core is rigid
In Figure 7, the chemical shifts of benzyl acetate normalized and the protons are not detectable in the NMR spectrum@ D
to that of the free form are depicted for all protons. They are On the other hand, the hydrophilic PPEGMA part is highly
continuously shifted toward the high field upon the addition of mobile, where the mobility decreases from the terminal groups
benzyl acetate to the polymer solution. Whereas the changesof the side chain toward the backbone. Encapsulation of
for aromatic and methylene protons are moderate, methyl fragrance molecules is an equilibrium process and the exchange
protons experience a significant high field shift from 2.05 ppm between free and encapsulated forms is fast on the NMR time
in the free form to 1.88 ppm in the saturated form. scale.
The picture is different when looking at protdn and T, ) .
relaxation times of the fragrance molecules (Table 2). There is _ Acknowledgment. The Swiss CTI Technology Oriented
a sudden decrease from the free form of benzyl acetate to theProgram (TOP) Nano 21 is acknowledged for its financial
situation when H40-PBM4-b-PPEGMA is present, and; support. We thank Dr. Christine Vuilleumier (Firmenich SA)
andT, times drop from several seconds to around 800 and 50 for the measurement of lo@ow values of the fragrance
ms, respectively. However, with the further addition of benzyl Molecules.
acetate the effect is reversed and boftandT; times increase
continuously toward the saturated state. This can be clearly
illustrated by comparing thdy/T, ratios as a function of (1) Gautschi, M.; Bajgrowicz, J. A.; Kraft, FChimia 2001, 55, 379~
fragran_ce concentrations. The values are high_est at low con- @ gi:k, S.-J.; Arshady,
centration of benzyl acetate and decrease continuously toward ~ * 6, 157-198.
the value of the saturated form, indicating a higher percentage (3) Ness, J.; Simonsen, O.; Symes, Kicrospheres, Microcapsules

; ; ' Liposomes2003 6, 199-234.
of slow motion when only very little perfume oil is present.  \\ go e "5l 1 PCT Int. Patent Appl., WO 2005/108471, 2005.

The hydrophobic core of the polymer may represent a (s) Uhrich, K. E.Trends Polym. Scil997, 5, 388-393.
heterogeneous container for fragrance molecules with binding (6) Uhrich, K. E.; Cannizzaro, S. M.; Langer, R. S.; Shakesheff, K. M.

ites that differ in ibility and mobility. In the presence of Chem. Re. 1999 3181-3198.
sites that differ in accessibility and mobility. In the presence of o, 5i0F e PSS 0003 2, 347-360,
small amounts of benzyl acetate, the relaxation values indicate (8) Hoste, K.; De Winne, K.; Schacht, &t. J. Pharm 2004 277, 119~
slow motion and restricted dynamics consistent with the 131.
positioning of the molecule in a rather rigid environment, (ig)) R’Soll:za, J.GM.;RTOpMp, E. fod Pgar,(ln. s\:gcd;zoon; 83, %19'62_19796

H ewkome, . . ooretielqa, . i e, F. bendrimers an

probably the,ve,ry, inner part,Of the polymer, where the space Dendrons-Concepts, Syntheses, Applicationéley-VCH, Weinheim,
between the individual arms is small. Fragrance molecules that Germany, 2001.
are added subsequently may be located elsewhere in the11) Dendrimers and Other Dendritic Polymetsrechet, J. M. J., Tomalia,
hydrophobic core where the conformational restriction is less B-KA-'ZEgi" Wiley Series in Polymer Science; Wiley: Chichester,
strong, leading to an increaseThnandT, relaxation times. On 12) Baars, M. W. P. L.; Meijer, E. WLop. Curr. Chem200Q 210, 131—

the other hand, the observed effects may also be attributed to 182.
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