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Intramolecular Excimer Formation of meso- and 
rac-2,4-Di (2-pyrenyl) pentane and meso- and 
rac-Bis[ 1-(2-pyrenyl)ethyl] Ether 
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ABSTRACT The excited-state kinetics of the diastereoisomers of 2,4-di(2-pyrenyl)pentane and bis[ 142- 
ppenyl)ethyl] ether are investigated in isooctane. A conformational analysis performed by 'H NMR reveals 
the conformational distribution within each configuration of 1,4di(2-pyrenyl)pentane. With the use of stationary 
and nonstationary fluorescence techniques, kinetic and thermodynamic parameters of intramolecular excimer 
formation are obtained for each of the diastereoisomers of both compounds. 

Introduction 
During the past few years, research on the photophysics 

of 2,4-diaryIpentane~l-~ and bis( 1-arylethyl) ethers4s5 has 
led to a better understanding of t he  photophysics of po- 
lychromophoric systems such as vinyl polymers.6 T h e  
possibility of forming an intramolecular excimer is gov- 
erned by two different requirements:' first, t he  rate con- 
s tant  of excimer formation has to be competitive with the 
radiative a n d  nonradiative decay of the locally excited 
state;  and  second, t h e  change in  free enthalpy has to be  
favorable. For a given chromophore, t h e  position of sub- 
stitution seems to have an important effect on t h e  excit- 
ed-state kinetics. This  is shown by comparing the results 
of t he  study of 2,4-di(l-pyrenyl)pentane ( D l P P )  and  bis- 
[ 1-(1-pyrenyl)ethyl] ether (BIPEE)s  with those in  this 
work and  in work done by Za~hariasse.~ T h e  s tudy  of 
2,4-disubstituted pentanes has a n  additional important 
advantage compared t o  l,&disubstituted propanes. T h e  
meso and racemic diastereoisomers, which can be looked 
at as model compounds for vinyl polymers, may permit 
insight into the influence of tacticity and  into the  excit- 
ed-state molecular dynamics of these polymers. Fur- 
thermore, t he  excimer kinetics can be correlated with a 
number of low-energy conformations that can be deter- 
mined by 'H NMR. T h e  meso diastereoisomer, at room 
temperature and below, is present in only one ground-state 
chain conformation, while t he  racemic diastereoisomer is 
present in two ground-state chain conformations.1° In this 
work, t he  photophysics of meso- a n d  rac-2,4-di(2-pyre- 
ny1)pentane (D2PP) and meso- a n d  rac-bis[l-(2-pyre- 
nyl)ethyl] ether (B2PEE) is described. 

E x p e r i m e n t a l  Section 
The synthesis of D2PP began with 2-pyrenecarboxaldehyde 

(1) and 2-acetylpyrene (2) ' '~ '~ to form 1,3-di(2-pyrenyl)-2- 
propen-1-one (3). Compounds 2 (10 g) and of 1 (9.43 g) are 
dissolved in 500 mL of ethanol containing 2.5 g of sodium hy- 
droxide. The reaction mixture is stirred at 40 "C for 24 h. Upon 
cooling, the chalcone 3 precipitates and is purified through re- 
crystallization from a minimum amount of benzene in which it 
is dissolved and w c h  petroleum ether is added. Compound 
3 was reacted with methylmagnesium iodide in the presence of 
an equivalent amount of cuprous chloride in ether to obtain 
1,3-di(2-pyrenyl)butan-l-one (4). Ketone 4 was again reacted with 
methylmagnesium iodide to form 2,4-di(2-pyrenyl)-2-pentanol(5). 
To a solution of 28.2 g of methylmagnesium iodide in ether is 
added in small portions 8 g of solid 4. The mixture is heated at 
reflux for 2 h, cooled, and hydrolyzed with a concentrated am- 
monium chloride solution. The organic solvent layer is separated, 
washed with a dilute sodium carbonate solution, dried, and 
evaporated. The crude reaction product 5 is purified by column 
chromatography on silica gel with benzene as eluent. Compound 
5 was reduced with hydrogen on a Pd/C catalyst in acetic acid 
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to obtain D2PP. To a solution of 0.5 mL of concentrated hy- 
drochloric acid in 50 mL of acetic acid 1 g of 5 and 0.02 g Pd/C 
(10%) is added. The reaction mixture is shaken in a Parr hy- 
drogenation apparatus for 48 h under 2.5 atm of hydrogen. The 
catalyst is removed by filtration and the crude reaction product 
is extracted with ether. The ether layer is washed with sodium 
carbonate and dried and the ether evaporated. The crude product 
is purified, and the diastereoisomers are separated by column 
chromatography on silica gel with a h e x a n e ( 9 7 ) - t e t r a a n ( 3 )  
mixture as eluent. A further purification was performed by HPLC 
on silica with the same eluent mixture. 

The synthesis of B2PEE to give meso- and rac-D2PP (mle 472 
(Mot), 243,229,201) began with 2-pyrenecarboxaldehyde, which 
was converted into 1-(2-pyrenyl)ethanol using a solution of me- 
thylmagnesium iodide in ether. The 1-(2-pyrenyl)ethanol was 
then used to obtain meso- and rac-B2PEE (mle 474 (M'+), 230, 
215,201) according to a method described in the literature? The 
separation and purification of the diastereoisomers was done with 
HPLC (Dowel-Chnalpac (+)OT and 95% hexane/5% 2-propanol 
were used for meso- and rac-D2PP; J. T. Baker silica gel 5 pm 
and 80% toluene/20% hexane were used in the case of meso- and 
rac-BaPEE). The 'H NMR measurements were performed on 
a Bruker 2WMHz NMR spectrometer. Absorption measurements 
were performed on a Perkin-Elmer UV/vis Lambda 5 spectro- 
photometer. The fluorescence spectra were recorded on a SPEX 
Fluorolog and were corrected for the wavelength dependence of 
the photomultiplier. The time-correlated single-photon-counting 
technique (tcspc) was used to perform the transient measurements. 
Details of the the experimental setup are described else~here. '~?'~ 
All absorption and fluorescence measurements were done in 
isooctane (Merck UVASOL). 

Results and Discussion 
T h e  absorption spectra of meso- and  rac-D2PP are  

identical with those of 2-isopropylpyrene, which was used 
as a reference compound. Similarly, the absorption spectra 
of meso- and  rac-B2PEE are identical with those of 1-(2- 
pyreny1)ethyl ethyl ether, which was used as a reference 
compound (Figure 1). Ground-state interactions between 
the  two chromophores of meso- and rac-DBPP and  of 
meso- and rac-B2PEE are therefore negligible. Further- 
more, no excitation wavelength effect is observed in  the  
emission spectra of the diastereoisomers of both com- 
pounds. The  ground-state conformational distribution of 
D 2 P P  was studied by 'H NMR according t o  the  method 
described by Bovey.15 The  conformational distribution of 
B2PEE is discussed by comparing the 'H N M R  data  with 
those of D2PP. T h e  'H N M R  data are  given in Table I. 
The  meso diastereoisomer of D2PP is always found to be 
about 100% in t he  T G  conformation (Figure 1). The  ra- 
cemic diastereoisomer is present in  two ground-state 
conformations: TT and GG (Figure 2). In  both deuter- 
iated cyclohexane and  deuteriated chloroform, at room 
temperature,  t he  TT conformation of racemic DBPP is 
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Figure 1. Absorption spectra of 2-isopropylpyrene (a) and 1- 
(2-pyrenyUethy1 ethyl ether (b) at room temperature in isooctane. 

Table I 
'H NMR Data of meso- and rac-DZPP and B2PEE in 

Deuteriated Chloroform at Room Temperature (Me,Si as 
Reference) 

6 ,  ppm multiplicity origin J,  Hz 
meso-DaPP 

1.56 d CH3 3J = 6.7 
2.28 ABXz CH2 3Jsx = 7.5 
2.48 AB& ' J m  = 7.0 
3.18 ABXZ CH 'JM -13.5 
7.96-8.15 m aryl -H 2JM = -13.5 

rac-DBPP 
1.45 d CH3 3J = 6.7 
2.31 AA'XX' CH2 3Jm = 10.0 
2.95 AA'XX' CH 'J~U = 5.3 

'JU 13.4 
'Jxx, 0 

7.95-8.20 m aryl H 

1.77 d CH3 3J = 6.1 
5.07 q CH 3J = 6.1 
7.88-8.10 m aryl H 

1.65 d CH3 3J = 6.3 
4.77 q CH 3J = 6.3 
7.99-8.1 m aryl H 

meso-B2PEE 

rac-BaPEE 

predominant: 80% TT and 73% TT, respectively. The 
observed solvent effect on the conformational distribution 
is similar but smaller than that found for D1PP.8 These 
results agree quite well with those obtained on similar 
co inpound~ .~*~J~J~  A comparison of the 'H NMR data for 
the aromatic protons of meso-B2PEE with those of 
meso-D2PP reveals no major differences, indicating that 
the conformational distribution of meso-B2PEE i s  not 
significantly different from that of meso-D2PP (Figure 2). 
In the NMR data for the racemic diastereoisomers one 
important difference appears. The position of the singlet 
absorption signal of H1 is shifted significantly to more 
shielded 6 values for ruc-BBPEE compwed with ruc-D2PP. 
The position of the H1 protons in the 'H NMR spectrum 
is a function of the contribution of the TT conformation, 
since these protons are shielded by the mutual ring-current 
effect of the pyrene chromophores in the TI' conformation. 
It can therefore be concluded that the equilibrium between 
TT and GG in the case of ruc-BePEE is shifted more 
toward the GG conformation compared to ruc-DSPP. This 

a 

b 
I 1- 

Figure 2. Low-energy ground-state conformations of rac-D2PP 
(a) GG; (b) and meso-DZPP (c) TG. 
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Figure 3. Corrected Fluorescence spectra of meso- 
rac-D2PP (b) at room temperature in isooctane. 

(a) and 

can be explained by comparing the bond lengths of the 
C-0 bond in B2PEE and the C-C bond in D2PP. The 
shorter ether bond induces a stronger 1,4-interaction be- 
tween the methine hydrogens and the pyrene chromo- 
phores in B2PEE. This causes a shift of the conforma- 
tional equilibrium from TT to GG. 

The fluorescence properties and the excited-state ki- 
netics will be discussed separately for both diastereoiso- 
mers. 
meso -DIPP and meso -B%PEE. The steady-state 

fluorescence spectra of meso-D2PP and meso-B2PEE at  
room temperature show mainly excimer fluorescence with 
an emission maximum at 485 nm (Figures 3 and 4). This 
maximum shifts from 480 nm at 343 K to 495 nm at  203 
K. The frequency width at  half-height varies from 4100 
to 3600 cm-l over the same temperature interval. This can 
be explained in terms of the population of higher vibra- 
tional levels of the excimer state. The frequency width 
at  half-height of meso-D1PP however is considerably 
larger: suggesting the presence of only one excimer in the 
case meso-D2PP. A similar effect is observed on com- 
paring the spectra of BlPEE and meso-B2PEE. Pro- 
gressively lowering the temperature (from 298 to 203 K) 
leads to an increase in monomer fluorescence and a de- 
crease in excimer fluorescence. 
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Figure 4. Corrected fluorescence spectra of meso- (a) 
BZPEE (b) at room temperature in isooctane. 
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Figure 5. Fluorescence decay curve of meso-B2PEE at 203 K 
in isooctane (X, = 330 nm, X = 377 nm, channel width = 0.074 
ns, X-' = 5.6 ns, x: = 1.18, f? urbin-Watson = 1.76). 

Scheme I 

k D M  
T G *  -- T T *  h v 3 3 0  T G  

Table I1 
Decay Parameters of meso- and rac-D2PP and B2PEE at 

Room Temperature in Isooctane 
awp nm 01' X1-' a2 XZ-' x,2 DWb 

500 -0.49 1.0 0.51 141.4 1.13 1.89 

500 -1.44 11.8 1.52 136 1.07 1.95 
378c 

378 1.12 11.9 0.02 134 1.19 1.80 
500 0.86 0.3 0.81 88 1.08 1.80 
378c 
500 -1.29 20.8 1.32 83 1.18 2.35 
378 0.26 21.3 0.06 87 1.14 1.91 

OAnalysis wavelength. bThe meaning of the reduced x2 and 
Durbin-Watson statistical testa is explained in ref 12. cDue to the 
low fluorescence intensity at this wavelength, the decay parameters 
could not be determined accurately. 

The time dependence of the fluorescence was studied 
by the time-correlated single-photon-counting method. 
The fluorescence decays were monitored at  377 nm for the 
monomer fluorescence and at  500 nm for the excimer 
fluorescence. In the temperature region between 253 and 
343 K only the excimer fluorescence decay could be ade- 
quately measured owing to the low fluorescence intensity 
of the locally excited state. The excimer fluorescence decay 
of meso-D2PP and meso-B2PEE can be analyzed as a 
difference of two exponentials throughout the excimer 
band (Table 11). This also indicates the presence of only 
one excimer species in both compounds. This contrasts 
with the fluorescence decays in the excimer region of 
meso-D1PP and meso-BlPEE, which could only be ana- 
lyzed as a triple-exponential function.8 This analysis 
proved the presence of two excimer species with different 
spectral distributions in the case of meso-D1PP and 
meso-B1PEE.8 At low temperature (203 to 183 K) the 
monomer fluorescence decay of meso-BePEE can be fitted 
to a single-exponential decay law (Figure 5). The decay 
parameter obtained in the analysis of the monomer 
fluorescence corresponds to one of the parameters in the 
excimer decay. Up to now, however, we have not been able 
to analyze the monomer fluorescence of meso-D2PP as a 
single exponential at temperatures below 203 K. Repeated 
measurements indicate this is due to an impurity. One 
cannot, however, exclude the possibility that the additional 

Table I11 
Kinetic and Thermodynamic Parameters of meso- and 

rac-D2PP and B2PEE in Isooctane 
meso compound 

parameter D2PP B2PEE 
EDM, kJ mol-' 16 f 2 18 f 2 
KoDMa, s-' 
Em, kJ mol-' 32 f 6 39 f 8 

(8.4 f 0.9) X 10" (5.4 f 0.5) X 10" 

koMD, S-' (1.2 fo.3) x 1014 (1.4 fo.3) x 1015 
AHo, kJ mol-' 116 f 8 -21 f 10 
AS,,, J mol-' K-' -42 f 18 -46 f 14 

racemic compound 
B2PEE parameter D2PP 

Eow> kJ mol-' 20 f 2 22 f 2 

k o M D P  s-l (a) 

k o o w :  s-' 
EMD, kJ mol-' 34 f 5 40 f 8 

(1.8 f 0.2) X 10" (3.3 f 0.3) X 10" 

(5.0 f 1) x 1013 (3 i 2) x 1014 
A?Io, kJ  mol-' -14 f 7 -18 f 10 
AS,,, J mol-' K-' -47 f 12 -57 f 30 

a Preexponential factor in the Arrhenius equation. *Determined 
in the linear portion of the Arrhenius plot at low temperature 
(243-203 K). 

component in the decay curve of the monomer fluorescence 
of meso-D2PP is caused by the presence of a small amount 
of the TT conformation, which forms an excimer imme- 
diately after excitation without any significant confor- 
mational change. The sum of the preexponentials in the 
excimer decays equals zero within experimental error. 
From these results it was concluded that the molecular 
dynamics of meso-D2PP and meso-B2PEE can be repre- 
sented by Scheme I.1+3 In the ground state only one 
conformation is present (TG) that can reach the excimer 
conformation (TT) through one 120' rotation in the 
backbone chain. At low temperature, the dissociation of 
the excimer (KMD) becomes negligible compared to the 
decay of the excimer leading to the single-exponential 
decay observed in the fluorescence analysis. The notation 
used in Scheme I is the same as that used for intermole- 
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Figure 6. Fluorescence decay curves of rac-D2PP (a) and rac- 
B2PEE (b) in isooctane at 220 K (a) A,, = 330 nm, A d  = 377 
nm, channel width = 1.404 ns, A-' = 187.3 ns, x; = 1.04, Dur- 
bin-Watson = 1.96; (b) A,,, = 330 nm, Ad = 377 nm, channel 
width = 1.404 ns, A-' = 321.0 ns, xu2 = 1.07, Durbin-Watson = 
2.24). 

cular excimer kinetics by Birks." A summary of the ki- 
netic data is given in Table 111. 

rac -DPPP and rac -B%PEE. The steady-state 
fluorescence spectra of rac-D2PP and ruc-BaPEE have a 
feature in common with the meso diastereoisomers of 
D2PP and B2PEE (Figures 3 and 4). The excimer 
fluorescence band is completely superimposable at all 
temperatures investigated, suggesting an identical geo- 
metrical structure of the excimer. As the temperature 
decreases, the increase of monomer fluorescence and the 
decrease of excimer fluorescence is more pronounced 
compared to the meso diastereoisomer. The fluorescence 
decay curves monitored at  377 and 500 nm can be de- 
scribed by the same decay laws used for meso-D2PP and 
meso-BBPEE. The monomer fluorescence decays can be 
analyzed as a double-exponential decay function in the 
temperature domain between 298 and 233 K. Below this 
temperature the decays are single exponential (Figure 6). 
There is good agreement between the decay parameters 
in the monomer and excimer decay, and the sum of the 
preexponentials in the excimer decay equals zero within 
experimental error. Figure 6 clearly indicates that there 
is no short component in the fluorescence decay. It should 
also be pointed out that identical decay parameters were 
obtained when the fluorescence decay was measured over 
several decades. The experimental parameters of the 
fluorescence decays of ruc-D2PP and -B2PEE at  room 

Scheme I1 

T T  I [ T G ]  G G  

hV330 hv330 hv330 

h v 3 3 0  

- 
k l  

k- l  - ! 
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Scheme I11 

hv330 h V 3 3 0  

T G *  

temperature are given in Table 11. 
The molecular dynamics of the racemic diastereoisomer 

upon excitation is more complicated due to the presence 
of two ground-state conformations. Since the decay laws 
used for meso-D2PP can also be applied to the racemic 
diastereoisomer, all the rate constants describing the 
equilibrium between the ground-state conformations must 
be large compared to  the rate constant of excimer forma- 
tion. However, the question still remains: from which 
conformation does excimer formation take place? It is not 
likely that it occurs directly from the GG conformation. 
This would mean a simultaneous rotation around two 
bonds and would be associated with a relatively high ac- 
tivation barrier. One possibility is that excimer formation 
takes place from the TT conformation. This possibility 
is depicted in Scheme 11. 

A third route could be excimer formation starting from 
the TG conformation (Scheme 111). This intermediate 
conformation between the TT and GG conformation has 
a relatively high energy content owing to an unfavorable 
interaction between the methyl group and the pyrene 
moiety. In the study of the 1,3-di(N-carbazolyl)propane 
the effect of a ground-state preequilibrium on the kinetic 
data has been e~a lua ted .~  When this preequilibrium is 
taken into account, the rate constants and activation 
barriers of excimer formation can be rewritten with the 
following equations: 
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1 6 5  r 1 1 s  5 I I If Scheme I1 is considered 

kobsd = fTTkDM (1) 

KlK2 
fTT = 1 + K, + KlK2 

If Scheme I11 is considered 

kobsd = fTGkDM (6) 

K2K3 

fTG = K2 + K3 + K2K3 (7 )  

In these schemes kom and Eobsd are the observed rate 
constant and activation barrier of excimer formation, re- 
spectively. The fractions of the TT or TG conformations 
at  a given temperature are represented by fTT and fT@ 

The rate constants for conformational change are con- 
sidered identical in the ground and excited states. Al- 
though the lack of information concerning the equilibrium 
in the ground state prevents a distinction between Scheme 
I1 and Scheme 111, it is tentatively possible to use data 
obtained for similar compounds, the 2,4-diphenylpentanes, 
which have been thoroughly studied with regard to 
ground-state thermodynamics and k ine t i~s . ' ~~ '~~ '~  If these 
data are applied to the above equations the following re- 
sults are obtained: the additional term in the expression 
of the observed activation energy (eq 5 )  according to 
Scheme I1 equals -4 kJ/mol while in Scheme I1 (eq 9) it 
equals 14.5 kJ/mol. 

A further distinction can be made by considering the 
temperature dependence of the rate constants of excimer 
formation in both cases. In the case of Scheme I1 it can 
be assumed that the fraction of the TT conformation is 
considerable and decreases with increasing temperature. 
Scheme I1 should therefore lead to a negative deviation 
from linearity in the Arrhenius plot of the rate constant 
of excimer formation. In Scheme 111, however, the fraction 
of the TG conformation is considered small at all tem- 
peratures since it is not a low-energy conformation. No 
deviation from linearity should then be observed. The 
observation of an important negative deviation from lin- 
earity in the Arrhenius plot led us to conclude that Scheme 
I1 is valid in the case of rac-DBPP and rac-B2PEE (Figure 
7). The kinetic and thermodynamic data of DZPP and 
B2PEE are summarized in Table 111. If the linear part 
of the Arrhenius plot is extrapolated to higher tempera- 
tures, an estimate of fm can be made. The assumption 
is that the extrapolated rate constants at all temperatures 
studied are equal to the value of kDM. The variation of fm 
with temperature in the high-temperature region (303-343 
K) can then be used to determine AHo and ASo for the 
conformational equilibrium between TT and GG of the 
racemic diastereoisomer. In the case of rac-DSPP their 
values are 12.2 kJ  mol-' and 35 J mol-' K-l, respectively. 
In the case of racemic BZPEE their values are 5 kJ mol-' 
and 12 J mol-' K-', respectively. The conformational 
distribution between TT and GG can then be calculated 

1 7 5  

17 0 

* *  * *  

1 6 5  

1 6 0  1 5 5  2 5  3 0  3 5  L O  2 5  3 0  3 5  L O  

111 1 ~ 1 0 ~ 1  l / T  I x 1 0 3 ,  

Figure 7. Arrhenius plot of the rate constant of excimer for- 
mation of rac-DBPP (a) and ruc-B2PEE (b). 

and equals 70% TT and 30% GG for rac-D2PP and 61% 
TT and 39% GG for rac-BZPEE at  room temperature. 

The activation barrier found for the racemic diastereo- 
isomer is somewhat higher than that observed for the meso 
isomer owing to steric hindrance between the pyrene 
moieties during the rotation process to the excimer con- 
formation. The difference between the values of koDM and 
koobild of the meso and racemic diastereoisomers of each 
compound can be explained by a more organized transition 
state in the case of the racemic diastereoisomer. This can 
be well understood by comparing the meso TG and the 
racemic TT conformation in Figure 2. Since the pyrene 
groups are already parallel in the transition state of the 
racemic diastereoisomer, which is not the case for the meso 
diastereoisomer, a lower value for the preexponential factor 
in the Arrhenius equation (koDM and koobsd) will result. 
The lower value of AHo for the excimer in rac-D2PP is 
caused by the less favorable chain conformation imposed 
upon excimer formation. The ASo values for the racemic 
diastereoisomers can be expected to be higher than for the 
meso ones since two ground-state conformations are 
present upon excitation. The observation of a small dif- 
ference between the ASo values is attributed to the fact 
that koDM for the racemic isomer is determined from the 
low-temperature region of the Arrhenius plot (243-203 K), 
where the TT conformation is assumed to predominate. 
The higher values of AHo, in general, for meso- and rac- 
B2PEE are explained by the shorter ether bond in B2PEE. 
The stabilizing interaction energy between the pyrene 
groups results in a larger stabilization of the excimer. 

Conclusion 
Knowledge of the ground-state conformational equilib- 

rium is helpful in understanding the excited-state molec- 
ular dynamics. Comparing the results of meso- and rac- 
D2PP and B2PEE with those of meso- and roc-D1PP and 
B1PEE8 shows that the complexity of the excited-state 
kinetics is strongly related to  the substitution pattern of 
the chromophore.20 This complexity is caused by the 
number of possible orientations of the chromophore with 
regard to the chain? If the bond between the chromophore 
and the chain is in line with a C2 axis of the chromophore 
(e.g., 2-pyrenyl) the number of orientations is limited and 
rotation of the chromophore around 180° produces an 
identical orientation. If this condition is not fulfilled (e.g., 
1-pyrenyl) the number of orientations of the chromophore 
will be higher, resulting in a more complex excited-state 
behavior. The compounds studied in this work are the first 
for which thermodynamic parameters of both diastereoi- 
somers could be compared. 
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ABSTRACT The partitioning of polymer and plasticizer into soft and hard regions for mixtures of poly- 
(butyral-co-vinyl alcohol) and dihexyl adipate has been determined by magic-angle-spinning 13C NMR. The 
soft regions are detected by Fourier-transform techniques with scalar decoupling and the hard regions by 
cross-polarization with dipolar decoupling. This two-phase character of plasticized polybutyral is also observed 
in small-angle neutron scattering experiments in which integrated scattering intensity increases linearly with 
plasticizer concentration. We attribute the soft regions to liquid plasticizer containing mobile polymer and 
the hard regions to solid polymer associated with partially immobilized plasticizer. There is no chemical exchange 
between hard and soft regions on a 1-s time scale. The frequencies but not the amplitudes of cooperative 
main-chain motions of the polymer in the hard regions are influenced by interactions with the soft regions. 
This result is incorporated into a two-phase domain model that is used to rationalize the macroscopic 
stress-relaxation properties of these plasticized polymers. 

Introduction 
A plasticizer is a liquid that is soluble in a glassy poly- 

mer, lowers the glass transition of the polymer, and reduces 
its modu1us.l Mechanisms of plasticization are not de- 
tailed, but the conventional model envisions a homogenous, 
dynamic interaction between polymer and diluent, re- 
sulting in reduced chain-chain interactions, reduced local 
viscosity, and increased microscopic chain mobility.2 This 
is especially true at  low diluent concentration. At higher 
concentrations, depending on polymer-diluent compati- 
bility, phase separation may occur, with diluent association 
apparent in mechanical and dielectrical re~ponse .~  The 
system is now heterogeneous, with variations in the degree 
of plasticization of the polymer depending upon local 
conformation, or, for copolymers, composition. 

We have examined the plasticization of poly(butyra1- 
co-vinyl alcohol) (78 wt % polybutyral, known commer- 
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Present address: Department of Chemistry, North Carolina 
State University, Box 8204, Raleigh, NC 27695. 

cially as Butvar) by dihexyl adipate using Fourier-trans- 
form (FT) 13C NMR, cross-polarization (CP) magic-an- 
gle-spinning (MAS) 13C NMR, and small-angle neutron 
scattering (SANS). The results are not consistent with the 
conventional picture of plasticization. Even at  low levels 
of plasticizer, this system is heterogeneous, consisting of 
microscopic soft regions of liquid diluent containing dis- 
solved polymer, embedded in a hard matrix of solid 
polymer associated with immobilized plasticizer. The 
partitioning between the two types of regions persists with 
increasing levels of plasticizer. We have found that me- 
chanical, thermal, and chain-dynamics measurements can 
be described in terms of the interactions within and be- 
tween these soft and hard regions. 

Experiments 
Magic-Angle Spinning. Carbon-13 MAS spectra and re- 

laxation measurements were made on a spectrometer built around 
a 12-in. iron magnet operating a t  a proton Larmor frequency of 
60 M H z . ~  The magic-angle rotor (Figure 1) is of the double- 
bearing type! in which a cylindrical sample chamber is supported 
between two cylindrical gas journal  bearing^.^ The rotor is held 
in position by a gas thrust bearing a t  one end, perpendicular to 
the rotation axis. The rotor is driven by an array of tangential 
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