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Ultrafast Side Group Motions of Polymers 
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The local dynamics of poly(2-vinylnaphthalene) (P2VN) have been investigated using femtosecond transient grating optical 
Kerr effect measurements. In solid PZVN, a single exponential 140-fs decay is observed. This decay is attributed to librational 
relaxation of the naphthyl side group. In P2VN/CCb solution, besides the librational decay, there exist two slower orientational 
relaxation components. These decays are temperature independent in the range -3 to +55 OC, although the bulk sheer viscasity 
of the solution and the viscosity of pure CCI, change considerably. This is in contrast to the orientational relaxation of 
2-ethylnaphthalene in CCb solution which displays a conventional (hydrodynamic) temperature dependence. The measurements 
on P2VN solid and solutions are discussed in terms of the local environments of the naphthyl side groups. 

I. Introduction 
Here we report the investigation of the femtosecond and pi- 

cosecond orientational dynamics of the naphthyl side groups of 
the polymer poly(2-vinylnaphthalene) (P2VN), both as an 
amorphous solid (glass) and in CCl, solution. Local dynamics 
of a polymer in the amorphous glassy state or in solution depend 
on the extent of motional freedom that exists at the monomeric 
level. While local dynamics can result in fast orientational re- 
laxations in polymeric systems, global relaxations, involving large 
scale backbone reorientation, occur on much longer time scales.' 
Unlike a small molecule isotropic liquid, in polymeric systems 
connectivity of the bonds, restricted bond angles, and steric in- 
teractions of pendant groups give rise to cooperativity through 

'Permanent address: Department of Chemistry, Faculty of Science, Kyoto 
University, Kyoto, 606, Japan. 

0022-365419212096-8619%03.00/0 

the coupling of local and global modes.24 Although large scale 
motions are slow, observation of local dynamics, as demonstrated 
below, can require measurements on picosecond and femtosecond 
time scales. 

The transient grating optical Kerr effect (TG-OKE) technique 
has proven to be very useful for the study of femtosecond and 
picosecond orientational relaxation dynamics in liquids and liquid 
 crystal^.^-*^ Here we report the first application of this method 
to the study of polymeric systems and, to our knowledge, the first 
direct ultrafast measurements on polymeric systems. The TG- 
OKE is a nonresonant four wave mixing experiment that probes 
the t h i r d d e r  nonlinear susceptibility, x"). The technique directly 
measures the time correlation function of the orientational 
motions.2' In principle, dynamic light scattering (DLS) and 
TG-OKE experiments contain the same informati~n.~~ However, 
TG-OKE has proven to be substantially better for the investigation 
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of dynamics on picosecond and femtosecond time scales2' 
In the TG-OKE experiments presented below, we compare the 

naphthyl orientational dynamics of solid P2VN (glass) with that 
of P2VN in CC14 solution. The polymer dynamics are contrasted 
to those of 2-ethylnaphthalene (2EN) in CC14. Solid P2VN 
undergoes a single 140-fs exponential decay. This is attributed 
to librational damping. In solution, PZVN exhibits a picosecond 
time scale biexponential orientational decay in addition to the 
ultrafast librational damping. A particularly interesting obser- 
vation is that the orientational relaxation of P2VN in CC14 does 
not show a temperature dependence between -3 and +55 OC, even 
though the viscosity of CC14 and the shear viscosity of the bulk 
polymer solution changes considerably over this temperature range. 
This is in contrast to 2-ethylnaphthalene in CC14 which displays 
a normal (hydrodynamic) temperature dependence. 

Nuclear spin-lattice relaxation, the nuclear Overhauser effect, 
DLS, the optical Kerr effect, dielectric relaxation, fluorescence 
spectroscopy, and depolarized Rayleigh scattering have been used 
extensively to study the reorientation of polymers in solids and 
in  solution^.^^^^-^^ A modification of dielectric relaxation, time 
domain reflectometry (TDR), has been used to observe fast di- 
electric relaxation of local dipoles on the side groups of a mac- 
romolec~ le .~~  Pecora et al. applied depolarized Rayleigh spec- 
trampy to measure the orientational relaxation time of polystyrene 
phenyl groups in so1ution.l However, none of these experiments 
observed picosecond or subpicosecond dynamics in polymeric 
systems, and in some, slower relaxations were assigned to the 
dynamics of side groups.1*29*30~34 A discussion of the distinction 
between the TG-OKE technique and other methods is presented 
following the presentation of the TG-OKE data. 

Besides the contribution to transient birefringence that is 
measured in a TG-OKE experiment, the motions of side groups 
have bearing on the high frequency viscoelastic behavior of 
polymer  solution^^^^^ and the physicomechanical behavior of 
polymeric solids.36 The high frequency (>MHz) limiting behavior 
of the complex v i s c o ~ i t y ~ , ~ ~  ([VI-) has drawn the attention of 
polymer researchers. To explain the experimental behavior of [TI-, 
several theoretical models have been put forward. All of them 
indicate that the mobility of the side groups can play an important 
role.3937-40 In addition, mechanical and dielectric relaxations have 
been observed in amorphous polymeric glasses, and the origin of 
the @-relaxation has been postulated to involve side group rota- 
t i o n ~ . ~ ~ - ~ ~  For example, the motion of the nitroxide spin label 
(di-rert-butyl nitroxide) in a solid polymer, investigated using 
electron-lectron double rwnance,4' suggests that conformational 
restrictions in the packing of the polymeric glass results in free 
volume about the side group which permits its motion. 

The results presented below on P2VN solid and P2VN in so- 
lution provide direct information on the time scales and nature 
of side group dynamics. In the solid, the observation of a single 
140-fs decay with no residual long lived anisotropy suggests that 
the conformations of the naphthyl side groups are rigidly defined 
and little or no conformational freedom exists. The lack of tem- 
perature dependence for the longer lived decays in solution dem- 
onstrates that the dynamics are dominated by local structural 
environments rather than bulk properties of the solution. 

11. Experimental Procedures 
Detailed descriptions of the subpicosecond dye laser system4z 

and the TG-OKE experimental setupz1 employed in these ex- 
periments are available elsewhere. The DCM dye laser was turned 
to 665 nm to avoid two photon absorption by the naphthyl group. 
The laser provided 3OO-fs, 1O-lJ pulses at a repetition rate of 1.75 
kHz. 

We have used the technique pioneered by Etchepare et aL6 and 
later extended by Deeg et al.43 to selectively probe the different 
dynamic processes contributing to the formation and relaxation 
of a phase grating. Following the notation of Deeg et al., we define 
the configuration of the grating experiment as (O0/a/9O0/@) 
where the four quantities within the parentheses stand for the angle 
of polarization of the two excitation beams, the probe beam, and 
the detected signal beam, respectively. All the angles were in 

reference to the polarization of the excitation beam nearest the 
probe beam. Near zero delay of the probe beam (t < 1.5 ps), 
we used the (0°/450/900/1350) configuration which detects only 
nuclear x i 3 )  processes by suppressing the overwhelmingly large 
electronic contribution. Before and after each of these nuclear 
scans, an electronic scan with the configuration (Oo/450/900/560) 
was taken. Since the electronic response is instantaneous, this 
configuration gives the instrument response. Any change in the 
pulse width during the nuclear OKE measurement can be detected. 
In addition, this instrument response is a three pulse correlation 
which provides a very accurate method for determining the pulse 
duration and shape!' Since the instrument response is taken with 
all components of the experiment identical to the actual mea- 
surement (in contrast to using an autocorrelator) and it provides 
pulse shape information as well as information on the pulse du- 
ration, it makes possible very accurate deconvolutions for obtaining 
quantitative informations for times shorter than the pulse duration. 
At longer times ( t  > 1.5 ps), when the electronic OKE no longer 
contributes to the signal, we employed the polarization grating 
configuration (0° /900/900/00) .  The SIN ratio is truly out- 
standing in this configuration as the polarizer in the signal beam 
eliminates all the (nondepolarized) scattered light from the nearby 
excitation beam. It also ensures no formation of acoustic and 
thermal gratings that can contaminate the signal at longer 
times.43*44 Typical excitation and probe pulse energies were 100 
nJ to 2 pJ and 50 nJ to 0.2 r J ,  respectively. The polarization of 
all beams was preserved upon passing through the sample cell. 

Poly(2-vinylnaphthalene) (Scientific Polymer Products, Inc.), 
CCb (Baker, for W spectrophotometry), and 2-ethylnaphthalene 
(Aldrich) were used without further purification. The P2VN 
supplied by Scientific Polymer Products was not synthesized with 
a particular tacticity. We, therefore, assume it is atactic. Two 
different methods were used to prepare the optical quality solid 
P2VN samples. A P2VN pellet (1 -mm thickness) was made by 
using a die press. P2VN was heated to 160 OC (Tg = 151 "C) 
under vacuum, held for 20 min, and then pressed with 0.8 metric 
tons for 1 min. The sample was held at 160 OC for another 15 
min. The last two s tep  were repeated, and then the sample was 
cooled slowly to room temperature. In the second procedure, 
P2VN was solvent cast. A P2VN film was made by slow evap- 
oration of a solution of P2VN in CC14 to constant weight. The 
concentration of the P2VN/CC14 solution was 1.5 M with respect 
to naphthyl group at 25 OC. The concentration of the 2EN/CC14 
solution was 1 M with respect to 2EN at 25 OC. Both solutions 
were filtered through Gelman 0.2-rm Acrodisk CR filters to 
remove dust particles. 

The solid sample was held carefully to prevent stress induced 
birefringence. The liquid samples were sealed in a 1 -mm spec- 
trophotometric cuvette. For temperatures above room tempera- 
ture, the cuvette was mounted inside an aluminum block heated 
by resistive heating wire. The temperature was regulated and held 
constant to hO.1 OC. Below room temperature, the cell was 
mounted in a thermoelectrically cooled metal block held constant 
to f0.3 OC. The viscosity of the 2EN solution was measured using 
a Cannon-Ubbelohde semimicrotype viscometer. The sheer 
viscosity of the P2VN/CC14 solution was measured using a 
BrookField Digital viscometer (Model DV 11). 

111. Results 
The TG-OKE data are divided into two time scales: dynamics 

that are much faster than 1 ps and dynamics that are on a 1 ps 
and longer time scale. The ultrafast dynamics (<1 ps) involve 
an initial interaction of the radiation field with the molecules which 
excites local vibrational modes that are generally referred to as 

Because the pulses are very short, an ultrafast 
rise of the signal as well as a decay is observed. The rise occurs 
as the displacement of the impulsively excited librators generates 
an orientational anisotropy in the sample. The damping (de- 
phasing) of the anisotropy in the distribution of excited librators 
causes an immediate decay of the signal.".'4~'6~17,24~45 Following 
the damping, a residual anisotropy may exist.17 This residual 
anisotropy decays on the solvent time scale (11 ps). In a simple 
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Figure 1. Optical Kerr effect transient grating signal of poly(2-vinyl- 
naphthalene). Traces 1 and 2 are the square rwt of the signal. The 
signal was obtained using electronic only (0°/450/900/560) and nuclear 
only (0°/450/900/ 135') transient grating configurations, respectively. 
a and b show the fast time scale behavior in P2VN glass and 1.5 M (with 
respect to naphthyl groups) P2VN/CC14 solution, respectively, at 25 O C .  
The dashed lines are the fit calculated through the evaluation of the 
convolution integral in eq 1 .  The fit through trace 1 (electronic Kerr or 
instrument response) was calculated with a S ( t )  sample response function. 
The response function in eq 2 gives the fit through trace 2 in a (nuclear 
Kerr signal of P2VN glass), and the response function in eq 3 gives the 
fit through trace 2 in b (nuclear Kerr signal of the P2VN/CCh solution). 

liquid, the residual anisotropy decays by orientational diffu- 
sion7~8~12*21,46 and follows the Debye-Stokes-Einstein eq~ation.~' 

The Bragg scattered intensity, S(t), of a probe pulse delayed 
by time t with respect to the excitation pulses is given by 

S(t) = S + - d t t t  -m Ip(t" - t)[ S"Gff( t"  -m - t') Ie(t') dt'I2 (1) 

where Ze( t )  and I#) are the intensity profiles of the excitation 
and probe pulses, respectively. The sample response function, 
Gef(t), depends on the particular dynamic process probed.6*43,48-s0 
As discussed in section 11, Z(r) is obtained by observing the 
electronic OKE. I (?)  is found to be well described by a double 
sided e~ponent ia l~~ with typical l / e  widths of 82 and 187 fs. The 
curves labeled 1 in Figure la,b show the electronic responses from 
the P2VN pellet and the P2VN/CC14 solution, respectively. 

Once Z(t)  is obtained, it is numerically convolved with an 
analytic response function, G,"(t), according to eq 1 to fit the 
nuclear OKE data. Traces labeled 2 in Figure la,b show fits to 
the short time scale nuclear OKE data. The response functions, 
G,"(t), that give the best fit to the data are the following:21 
for P2VN solid 

G,"(t) = C,[exp(-t/Tb) - exp(-t/T,)] (2) 

for the P2VN/CC14 solution 

G,"(t) = Cl[exp(-t/?'b) - exp(-t/T,)] + 
cr[1 - exp(-t/Tb)l exp(-t/Tl) (3) 

The Cl term describes the ultrafast excitation and damping of the 
T, and Tb are the rise and decay time constants, 

respectively. The C, term describes the fast reorientational re- 
laxation. The prefactor [ 1 - exp(-t/.rb)] accounts for the delayed 
onset of the anisotropy that decays by orientational relaxation 
following the librational damping.21 

J I 

400 I .  

Y 

c a 300 
d 2 250 

50 0 a 2 6 10 14 18 22 26 30 

time I ps 
F i  2. Slow time scale behavior of the 1.5 M (with respect to naphthyl 
groups) P2VN/CCI, solution: TG-OKE signal at t > 2 ps obtained using 
a polarization grating configuration (0°/900/900/00). The solid line 
through the data is a fit using a biexponential decay response function 
(5) .  The residuals of the fit are shown on the top. 

The TG-OKE data at t > 1.5 ps were analyzed in a straight 
forward manner without the necessity of considering the convo- 
lution effects of the instrument response. At these longer times, 
the TG-OKE signal is proportional to the square of the sample 
response function 

S(t) 0: IGef(t)I2 (4) 

For the P2VN/CC14 solution, we found a sum of two exponentials 
to be an accurate expression for Gff(t) 

( 5 )  

T~ in eq 5 is the same as in eq 3. Figure 2 shows that the square 
of eq 5 fits the data extremely well. 

Using eqs 1-5 and fits to the data such as those shown in 
Figures 1 and 2, the time constants associated with the dynamics 
of the different systems can be determined accurately. The P2VN 
pellet and the solvent cast P2VN film showed no difference in 
their nuclear response. The librational damping constant Tb = 
140 fs. The librational damping of the P2VN/CC14 solution is 
very similar to the solids with 7 b  = 190 fs. T,, the rise of the 
librational signal, is not infinitely fa~t.'J~J'*~~ The estimated error 
in the T'S is f 2 0  fs. However, because of the duration of the pulses 
used here, only an estimate of T, = 20 fs can be made. In contrast 
to P2VN solid, P2VN in solution shows a residual anisotropy 
following the ultrafast librational decay. As shown in Figure 2, 
the residual anisotropy decays as a biexponential. The two time 
constants are significantly different, so it is not difficult to obtain 
their values unambiguously. The values obtained for these slower 
decay constants are T~ = 0.95 f 0.1 ps and T~ = 9.0 f 0.5 ps. 

There was one other consideration in the analysis of the ultrafast 
dynamics in the P2VN/CCl, solution. Neat CCl, gives a relatively 
weak but nonnegligible signal (approximately one-tenth of the 
signal from the P2VN/CC14 solution) due to collision induced 
p r o c e s ~ e s . ~ ~ - ~ ~  Therefore, we subtracted the normalized nuclear 
OKE data of pure CCl, from that of the P2VN/CCI4 solution 
before analysis. However, because the decay of the neat CC14 
signal is extremely fast, it does not influence the T~ and 7 2  values 
and at most introduces a small error in the value of Tb for the 
solution. 

Figure 3 shows that the two orientational relaxation components 
of the dynamics of P2VN in CC14 are independent of temperature 

G"(t) = AI exp(-t/rl) + A2 exp(-t/r2) 
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Figure 3. Nonhydrodynamic behavior of the reorientational decay in 1.5 
M (with respect to naphthyl groups) P2VN/CC14 solution from -3 to 
+55 OC. (a) Fast component: iI docs not show any viscosity/temper- 
ature (q/7‘) dependence. (b) Slow component: r2 docs not show any q / T  
dependence either. 

over the range studied, -3 to +55 OC. The bulk sheer viscosity 
of the P2VN/CC14 solution changes by a factor of 20 and the 
viscosity of pure CC14 changes by a factor of 2.5 over this range 
of temperature. The orientational dynamics is not affected by 
this change in viscosity. Thus the observed orientational relaxation 
does not arise from rotational diffusion; Le., it is nonhydrodynamic 
in nature. To make sure that the lack of temperature and viscosity 
dependence is not due to some anamolous behavior of either the 
naphthyl moiety or the CC14 solvent, we studied the orientational 
relaxation of 2-ethylnaphthalene in CCl,. Following the ultrafast 
librational dynamics, 2EN in CC14 also display biexponential 
dynamics. Figure 4 shows the behavior of both the fast and the 
slow orientational relaxation components of the biexponential 
decay. Both decays change considerably as the viscosity/tem- 
perature ( q / T )  of the solution is varied. They display changes 
of greater than a factor of 2 when q / T  changes by a factor of 3. 
The behavior of 2EN shown in Figure 4 is hydrodynamic in that 
the DebytStokes-Einstein equation is obeyed. In contrast, the 
data in Figure 3 display no change although v / T  of the 
P2VN/CC14 solution varies by a factor of 20. 

IV. Discussion 
The polarizability anisotropy of the naphthyl group is much 

greater than that of the polymer backbone. At the pulse energies 
used in these experiments, neat liquids of long chain hydrocarbons 
gave measureable but extremely weak signals.55 Thus, the strong 
signals detected in these experiments come from the naphthyl 
pendant group. Both in the glassy solid and in the CC14 solution, 
P2VN displays ultrafast librational decays which are I40 and 190 
fs, respectively. The small difference in the decay time reflects 
a small change in the librational damping in the two environments. 

More important than the small difference in the decay times 
is the fact that solid P2VN displays a single decay while the 
P2VN/CC14 solution shows two additional decays of 0.95 and 9 
ps. Th= d a y s  in solution are associated with the loss of residual 
anisotropy that remained after the librational decay. The exci- 
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Figwe 4. Hydrodynamic behavior of the rotational diffusion components 
in the 1 M 2-ethylnaphthalene/CCI4 solution. (a) Fast component: T~ 
from -30 to +25 OC. The straight line tit through the Tr vs q / T  shows 
the hydrodynamic behavior. (b) Slow component: T,  from -30 to +25 
OC. A straight line also tits the T,  vs q / T  data and establishes the 
hydrodynamic behavior. 

tation of the librations can be viewed as rotational Raman 
scattering. In a crystal, this type of excitation will excite optical 
phonons (coupled librations). When the librations damp, no 
residual anisotropy remains because the molecules are left in their 
initial precisely determined lattice positions. The amorphous glass 
of P2VN behaves exactly like a crystal. Following the librational 
damping, the naphthyl side groups return to their original con- 
figurations. 

Considering the structural constraints on the packing of a 
polymer glass, one might expect that the local potential surface 
that determines the orientational configurations would involve 
multiple nearly isoenergetic minima (see Figure 5a). In such 
a situation, after the ultrafast decay of libration is over, the 
naphthyl groups could return to any of a variety of local minima. 
This would result in a residual anisotropy. Slower orientational 
decays would be observed in the data in a manner analogous to 
the situation observed in the P2VN/CC14 solution. The ultrafast 
single exponential decay seen in P2VN glass demonstrates that 
a single well constitutes the local potential energy surface with 
relatively high barriers separating the minimum from other 
orientational local minima. The picture in Figure 5a does not 
apply to the solid; the packing around the naphthyl side groups 
permits the naphthyl groups to have strictly a single orientation, 
with even very small angular variations forbidden. 

The P2VN/CC14 solution displays a residual anisotropy fol- 
lowing the damping of the anisotropically distributed librations 
generated by the excitation field. The addition of solvent has 
loosened the packing to the point where damping of the libration 
can leave the naphthyl groups with a distribution of orientations. 
This is the same as the behavior of small molecules in dilute 
solution and of many neat liquids. However, in such systems the 
residual anisotropy decays because of orientational diffusion. 
These systems display hydrodynamic behavior, Le., steep depen- 
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Figure 5. (a) Schematic diagram of an arbitrary section of a hypothetical 
local potential energy surface for the orientational fluctuation of a 
naphthyl group in P2VN glass. This might allow a redistribution of 
naphthyl group orientations after the ultrafast librational decay. A 
residual anisotropy would be observed since the naphthyl groups would 
not return to their original positions. (b) Schematic diagram of the 
isotactic portion of an atactic P2VN chain. It shows the different degrcts 
of freedom that might be important for rcorientational relaxational of 
the residual anisotropy left after librational decay in the P2VN/CC14 
solution. 
dences of the decays on TIT, obeying the Debye-Stokes-Einstein 
(DSE) equation. An example of this is the behavior of 2EN, as 
shown in Figure 4. Even orientational relaxation of internal 
degrees of freedom of moderate size molecules, e.g., the phenyl 
rings in biphenylz1 or tranr-stilbene,s6 is diffusive. 

In contrast to small molecules in solution, the naphthyl side 
groups do not obey the DSE equation. Figure 3 shows that over 
a very substantial range of v / T ,  the relaxation of the residual 
anisotropy is independent of v /To  In two other distinctly different 
types of systems, v / T  independent orientational relaxation has 
been observed. These are the fast relaxations (1 ps to 1 ns) of 
the liquid crystal, pentylcyanobiphenyl (5CB) in the isotropic 
phasez3 and the fast relaxation (3.5 ps) in neat 2-ethylnaphthalene 
liquid.22 In both of these systems, the lack of v / T  dependence 
has been attributed to the existance of well-defined local struc- 
t u r e ~ ~ ~ - ~ '  that exist for a time much longer than the time scale 
of the observed relaxations. On a short time scale, the system's 
structure is at the minimum of a free energy surface. The TG- 
OKE excitation changes the relative orientations, moving the 
system away from the surface minimum. The measured orien- 
tational relaxation is relaxation on the surface back to a minimum. 
On the short time scale on which the local minimum exists, the 
v /  T dependence of the DSE equation is not obeyed. Rotational 
diffusion, governed by the DSE equation, occurs on a longer time 
scale. 

To gain insight into the relaxation of the naphthyl side groups 
of P2VN in CC14 solution, it is useful to examine the relative 
geometries and the nonbonded interactions of the naphthyl groups. 
The naphthyl group is rather bulky which results in significant 
van der Waals interaction with the neighboring side groups as 
well as with the methine H and the methylene H. For a given 
codiguration, the steric energy of the naphthyl group arises mainly 
from the difference between the nonbonded interaction energy 
and the bending energy associated with the bond angles. The 
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details of these interactions depend on the tacticity of the chain. 
Figure 5b shows the isotactic portion of an atactic P2VN molecule. 
The Cu-H bond and the Cu-C2(naphthyl) bond define a plane. 
In the +conformation, the naphthyl plane is perpendicular to the 
H-Cu-C2 plane, and in the r-conformation the naphthyl plane 
is parallel to the H-Cu-C2 plane. De Schryver et al.58 pointed 
out that the results of excimer formation experiments on P2VN 
solutions suggest the presence of 00 and TU conformations for 
adjacent naphthyl groups when the naphthyl groups are in their 
ground state. Molecular force field calculationss9 for P2VN show 
that m conformations for isotactic and mro conformations for 
heterotactic sequences are the most stable. Frank et al." concluded 
that the preferred backbone conformations for isotactic chains 
are trans-gauch or gauch-trans and for syndiotactic chain it is 
trans-trans. Thus the perferred conformations do not have trans 
naphthyl groups. The isotactic portion of P2VN chain may also 
form a helix with the naphthyl groups stacked parallel to each 
other.60 

The above informations indicate that in all the preferred con- 
formations, independent of the tacticity (which is unspecified for 
the sample studied), significant rotation of the naphthyl group 
about the CeC2(naphthyl) bond will be highly hindered because 
of steric interactions. The data on the solid sample demonstrate 
that these steric interactions define a single minimum on the 
potential energy surface for the naphthyl group orientation. The 
librational states are determined by this surface. Excitation and 
damping of the libration returns the system to the initial minimum. 

In the solution, there is more freedom for small changes in the 
backbone conformation. The librational motion is coupled through 
steric interactions to the backbone conformation. The experi- 
mental results suggest that librational excitation results in small 
~ d 0 r m a t i 0 ~ 1  changes in the local geometry. When the libration 
damps, the local geometry is different from the initial one. Once 
the perturbation of the backbone caused by the excited libration 
is gone, the deformed local structure relaxes back to its initial 
geometry. The deformed local structure is responsible for the 
residual anisotropy observed on the picosecond time scale. Re- 
laxation back to the initial structure causes the observed decays. 

Following the librational damping, P2VN in solution displays 
two picosecond time scale orientational decays, 0.95 ps and 9 ps. 
While it is not possible from these measurements to determine 
the nature of the motions involved, the following is a possible 
scenerio. The experimental results do prove that in solution there 
is relatively more freedom than in the solid for orientational 
change. The calculations of Seki et a1.60 show that the minimum 
energy of the trans-trans state for the meso codiguration appeared 
over a range of B (114°-1200). Due to connectivity of the 
-CH2-CH2-naphthyl groups in P2VN, the libration could cause 
elastic deformation of the angles B and x. After the libration 
damps, the x, 9, and 8 angles could be left with altered values, 
no longer corresponding to the minimum energy configuration. 
Relaxation of the angles 8 and x does not involve the solvent 
structure significantly and, therefore, could be temperature in- 
dependent. Because of the inertial nature of this relaxation, it 
may be associated with the 0.95-ps decay. Following the relaxation 
of the angles B and x, the angle cp could relax by interrupted 
rotation of the naphthyl group about the Ca-C2(naphthyl) bond. 
The distance between the two naphthyl rings in meso dyad for 
$i rLi+, = Oo, Oo is 2.60-2.77 A.*. Due to the proximal alignment 
of the naphthyl groups, the intrapolymer interactions probably 
contribute more significantly to the local potential energy than 
interactions with the solvent, leading to temperature independent 
relaxations on a potential energy surface that is fxed on the time 
scale of the observed dynamics. 

V. Comparison to Other Methods 
Femtosecond TG-OKE experiments have aspects that are 

fundamentally different from other methods that examine ori- 
entational dynamics of polymers or small molecules. To describe 
these aspects, it is necessary to briefly discuss the femtosecond 
TG-OKE experiment as it contrasts to slower OKE experiments 
and other techniques. 
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First consider a solute molecule (not a polymer) in a liquid 
solution. The orientational degrees of freedom of the solute, which 
would give rise to true rotations in the gas phase, are restricted 
by intermolecular interactions with the solvent. These interactions 
give rise to a local, short lived, potential surface that restricts the 
rotational degrees of freedom. The shortest time scale orientational 
motions of the solute molecule, which is constrained by the po- 
tential, are librational modes, i.e., approximately harmonic os- 
cillations that have a set of quantized energy levels. The transition 
energies for the librational modes will be in the range of a few 
tens of cm-l. Since the thermal energy, kT, is large compared 
to the mode energy, the librational modes are constantly being 
thermally excited and are constantly relaxing. 

In a femtosecond TG-OKE experiment, the radiation field 
couples to the orientational degrees of freedom of a molecule via 
stimulated rotational (librational) Raman scattering. The 
transform limited bandwidth of the laser pulses used in the ex- 
periments is approximately 100 cm-'. This bandwidth is greater 
than the frequency of the librational modes. Therefore, there are 
many combinations of frequencies within the pulse bandwidth that 
have a difference equal to the librational mode frequency. An 
incoming photon can be annihilated in conjunction with the 
necessary lower frequency photons to stimulate the creation of 
another lower frequency photon and the excitation of a libration. 
Thus, in addition to the thermally populated librations, additional 
excitations are generated by stimulated Raman scattering. For 
molecules such as naphthalene, the Raman matrix element is 
anisotropic. The excitation pulses are polarized. Therefore, an 
orientationally anisotropic distribution of librations is excited. The 
net result is that an orientationally anisotropic distribution of 
librations is added to the isotropic, thermally excited librations. 
This ensemble of initially excited librations is responsible for the 
rise and fall of the very short time (fmt few hundred femtoseconds) 
signal in the experiments. Damping of the optically excited li- 
bration of a molecule in a liquid will leave a molecule in a different 
orientation than it had prior to excitation. Thus when the ensemble 
of optically excited librating molecules damps, a residual an- 
isotropy remains in the solution. In a simple liquid, the anisotropy 
is relaxed by orientational diffusion, and the relaxation will display 
a hydrodynamic temperature dependence. 

Now consider the situation for the standard Kerr effect in which 
a static electric field is applied. Molecules in solution are con- 
stantly undergoing rotational diffusion, i.e., an orientational 
random walk. With a static electric field, which couples to the 
molecules either through their permanent dipole moment or an 
induced dipole moment if there is no permanent moment, the 
molecules execute a biased random walk. Orientational steps in 
all directions are not equally probable but rather have a greater 
probability in directions that align the molecular dipoles with the 
field. The extent of the alignment will depend on the strength 
of the field-dipole interaction relative to kT and the duration of 
the application of the electric field. When the field is turned off, 
the induced orientational anisotropy will relax at the rate of 
rotational diffusion. The OKE with long laser pulses (10 ns) is 
very similar to this. The coupling of the optical field to the 
molecule is through an induced dipole moment. Since the 
transform limited bandwidth of the optical field is much smaller 
than the librational frequencies, stimulated Raman scattering does 
not occur. Instead, as with the case of a static field, the molecules 
execute a biased walk, and an anisotropy is generated in the 
sample. When the optical field is removed, the anisotropy will 
relax by rotational diffusion. 

In all three types of Kerr effect experiments (femtosecond OKE, 
long pulse OKE, or static field KE), an orientational anisotropy 
is induced in the sample. However, only the femtosecond OKE 
experiment actually excites librations. In translational diffusion, 
collisions excite a ballistic translation that is rapidly damped. This 
ballistic translation is the fundamental step in translational dif- 
fusion. Librational excitation and damping are the fundamental 
events in the orientational random walk that lead to rotational 
diffusion in liquids. In slow OKE experiments and in KE ex- 
periments, thermal excitation of librations, and therefore rotational 

diffusion, is an inherent part of generating the orientational an- 
isotropy. In femtosecond OKE experiments, the pulses are suf- 
ficiently short to excite librations, and the generation of orien- 
tational anisotropy is not directly dependent on rotational diffusion. 

Experiments such as time resolved fluorescence anisotropy (or 
equivalent pumpprobe and excited-state transient grating ex- 
periments) or magnetic resonance line shape experiments do not 
induce an actual mechanical orientational anisotropy in a sample. 
For fluorescence depolarization measurements, an orientationally 
anisotropic distribution of molecules is created by electronically 
exciting them with polarized light. The anisotropy in the dis- 
tribution of excited molecules relaxes by rotational diffusion 
causing depolarization of the fluorescence. Magnetic resonance 
experiments examine a line shape (T2) or population relaxation 
(TI). TI and Tz experiments are indirectly related to rotational 
diffusion through a model that relates orientational motions to 
spin dynamics. Like slow OKE and KE experiments, fluorescence 
depolarization and magnetic resonance experiments do not excite 
librations. 

Orientational relaxation measurements on polymers involve a 
vast range of time scales from the ultrafast librational motions 
of side groups to very slow motions involving large scale backbone 
reorientation. What will be observed depends on the time scale 
and the nature of the measurement. An OKE experiment using 
long optical pulses or a KE experiment in which the static field 
is applied for a relatively long time will result in anisotropy de- 
veloping due to the slow polymer degrees of freedom undergoing 
a biased random walk. If the application of the field lasts for a 
time scale that is on the same order as the time scale for diffusion 
of the slow degrees of freedom, substantial anisotropy will be 
generated. Observations following the application of the field 
(optical or static) will reveal the diffusive relaxation of the slow 
degrees of freedom. In contrast, a femtosecond OKE experiment 
will excite librations. The librations damp, leaving a residual 
anisotropy as observed in the polymer in solution experiments 
discussed above. However, on the ultrafast time scale, there is 
essentially no diffusive motion of the slow degrees of freedom, 
and, therefore, there is no buildup of anisotropy in the slow degrees 
of freedom. For example, if the characteristic time for some 
backbone motion is a microsecond, then the number of such events 
that occur during a several hundred femtosecond pulse will be 
vanishingly small. In principle, there will be a very small an- 
isotropy. The TG-OKE signal should not decay to zero until many 
microseconds have passed. However, not only would the anisotropy 
be vanishingly small, but the TG-OKE signal depends on the 
square of the anisotropy. Therefore, no slow decay will be ob- 
served. TG-OKE experiments using long pulses will observe slow 
polymer dynamics. 

From the discussion given above, it is clear why the experiments 
presented here directly observe ultrafast dynamics in polymers 
while previous experiments have observed much slower time scale 
motions although some magnetic resonance experiments have 
indicated the existence of fast dynamics. Fluorescence depolar- 
ization experiments observed nanosecond time scale decays in 
polystyrene61-62 and poly(methy1 methacrylate) (PMMA)63 labeled 
with anthracene in the middle of the chain. The decays showed 
solvent viscosity and temperature dependence. Excited-state 
transient grating experiments using 35-ps pulses on poly- 
i s o p r e ~ ~ e , ~ . ~ ~  similarly labeled with anthracene, detected backbone 
reorientation occurring from several hundreds of picoseconds to 
a few nanoseconds. Temperature and solvent viscoSity dependences 
of an average nanosecond correlation time were studied in these 
experiments. 

NMR studies of side group motions were performed on poly- 
PMMA,69 poly(p-fluor~styrene),~~ and other poly- 

m e r ~ . ~ ~  Correlation times for internal motions of side groups are 
obtained using theoretical mode1s69~72-74 that relate T1 and T2 
measurements to orientational relaxation. In some instances the 
interpretations of the experiments change dramatically with the 
model that is a~p l i ed .6~*~~  There are reports of very fast dynamics. 
Polyisoprene experiments were interpreted as yielding a 100-3Wfs 
orientational relaxation of the methyl group, and the results were 
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found to be independent of temperat~re.~~ This could be a methyl 
libration. In contrast, rotational correlation times of methyl and 
phenyl groups in polycarbonate are reported to have the same 
value, 10 ps, and a large activation energy.77 

s, have been observed 
in dielectric relaxation and transient birefringence measurements. 
These involve large displacements of backbone segments com- 
prising many monomeric units. In a transient birefringence 
measurement, Pecora and co-workers7* used electric field pulses 
with durations ranging from microsecond to millisecond. They 
observed an enhancement of the amplitude of slower modes with 
longer pulses. This is consistent with the discussion given above 
that stated the time scale of the application of the electric field 
must be on the order of the time scale of the diffusional relaxation 
of a degree of freedom for significant anisotropy to develop in that 
degree of freedom. 

The femptosecond TG-OKE experiments reported here provide 
direct measurements of the ultrafast dynamics of polymer side 
groups. Of the other techniques that have been applied, only 
magnetic resonance experiments have yielded any indications of 
the ultrafast motions that can occur in polymeric systems. The 
reason for this is the time scale of the experiments. The slower 
time scale measurements, such as nanosecond fluorescence de- 
polarization, do not have the time resolution required to observe 
the femtawxnd and picosecond dynamics. However, femtosecond 
TG-OKE experiments will not observe slow relaxation because, 
on the time scale of the optical pulse, virtually no anisotropy is 
developed in the slowly evolving degrees of freedom. TG-OKE 
experiments using 100 ps, nanosecond, or longer pulses will be 
able to observe long time scale relaxations. It may be possible 
to probe the dynamics reported here using femtosecond fluores- 
cence depolarization experiments. This can be done using 
fluorescence mi~ ing .~ '~~  However, complications could arise from 
relaxation of the local structure around the excited state, electronic 
excitation transport, and excimer formation. These effects will 
complicate the interpretation of the results in a manner that does 
not occur in the nonresonant TG-OKE experiments. 

Very slow relaxations, slower than 

VI. Concluding Remarks 
In the experiments presented here, we investigated the local 

dynamics of the naphthyl side groups of P2VN both in the glassy 
solid and in CCl, solution over the temperature range from -3 
to +55 OC. The most striking observations are the single ultrafast 
(140-fs) decay in the solid and the temperature independence of 
the additional picosecond time scale decays in the solution. The 
single decay in the solid is associated with librational damping 
(dephasing) of the naphthyl groups. The fact that no long lived 
residual anisotropy is observed following librational damping 
demonstrates that packing constraints force the naphthyl side 
groups to have a precisely determined local geometry. The 
naphthyl groups have virtually no orientational freedom. This 
does not imply that all naphthyl groups have identical geometries 
but rather that the geometry of each naphthyl side group, de- 
termined by local constraints, is very well defined. 

In solution, the two slower reorientational components are not 
hydrodynamic in nature. This is in contrast to 2EN in CCb, which 
displays hydrodynamic behavior. Even though the bulk sheer 
viscosity of P2VN solution and the viscosity of CC4 change 
considerably over the temperature range of the investigation, there 
is no effect on the orientational relaxation of the naphthyl side 
groups. This demonstrates that the dynamics of the naphthyl 
groups are controlled by the local intramolecular constraints. The 
orientational anisotropy induced by the femtosecond TG-OKE 
experiment does not decay by diffusive randomization of the 
orientations but rather by relaxation back to the initial local 
geometry. 
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Formation and Stability of Lanthanide Complexes and Their Encapsulation into 
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The complexation of lanthanides (Ln) with dicarbonyl compounds (acetylacetone, acac; ethyl acetoacetate; 3-ethyl-2,4- 
pentanedione; 2,4-hexanedione; 3-methyl-2,4-pentanedione; and diethyl malonate) was investigated using a potentiometric 
titration technique. The ability of a dicarbonyl compound to complex with the lanthanide elements was greatly dependent 
on its pK, and on the pH of the titrated solution. Selected lanthanide complexes (Ln complexes) were incorporated into 
spherical poly(~-lactic acid) (PLA) matrices and irradiated in a nuclear reactor with neutrons to produce short-lived high-energy 
~-particle-emitting radioisotopes. The lanthanides investigated (Ho, Dy, Sm, and La) were chosen on the basis of their physical 
and nuclear properties. A transition element (Re) was also studied. The small decrease in the ionic radii of the lanthanides 
with increasing atomic number led to (a) greater ability to extract and complex from an aqueous solution with complexing 
agents, (b) larger formation and stability constants for the Ln complexes, (c) increased solubility of the Ln complexes in 
chloroform, and (d) increase in the maximum percent incorporation of the stable lanthanides in PLA spheres. Ho(acac), 
was found to be the most promising candidate of the complexes studied on the basis of the above observations and due to 
the favorable physical properties of 1 6 5 H ~  and nuclear properties of laHo. 

Introduction 
The complexation and extraction of the lanthanides (Ln) 

utilizing a variety of complexing agents has been reported.'-3 The 
dicarbonyl chelates of the tripositive lanthanides, such as those 
of acetylacetone, are among the most stable of the known complex 
species! Complexes of this sort are of use in ion-exchange 
chromatography,s separation of by-products of fissioned uranium? 
and, more recently, as catalyst systems.' 

The &diketone chelates, and other dicarbonyl compounds, are 
of particular interest in our work since their complexes with 
lanthanide metals have favorable physical stability and relatively 
high thermal stability, and consist of a high weight percentage 
of the lanthanide metal. In addition, these complexes have suitable 
solubility in organic solvents. We have incorporated these Ln 
complexes into biodegradable polymeric matrices for use as ra- 
diotherapeutic agents.*-' Although the lanthanide metals have 
a similar ground-state electronic configuration, which leads to 
similar chemical reactivities, small differences in their ionic radii 
dramatically affect their ability to be complex4 with these 
chelating agents. The stable elements in Table I can absorb 
neutrons to become short-lived high-energy 8-particle-emitting 
radioisotopes (Le., half-lives <lo0 h and E,, > 0.8 MeV). Each 
of the radioisotopes has a small photon yield (4-29%) associated 

'Center of Membrane Sciences. 
*Division of Medicinal Chemistry and Pharmaceutics. 
i Current address: Center for Bioengineering, FL-20, University of 

Washington, Seattle, WA 98195. 

TABLE I: Physical .nd Nuclear Properties of Candidates for 
Incor~~ratioll into Biodmndable PLA Microspberes 
stable 

nuclide 
89Y 
'39La 
lslpr 
%m 
IMDy 
1 6 5 H ~  
lsJRe 
I8'Re 

natural 
abundance 

100 
99.9 

100 
26.7 
28.1 

37.0 
63.0 

100 

ai (b) 
1.3 
9.0 

11.5 
206 

2700 
64 

112 
73 

radionuclide 
"Y 
%a 
I4Pr 
15'Sm 
16JDy 
166H~ 
IE6Re 
lssRe 

half-life 
(h) 

64.1 
40.1 
19.2 
46.0 

2.3 
26.9 
90.9 
16.7 

E@ max 
(MeV) 

2.28 
2.18 
2.16 
0.81 
1.29 
1.84 
1.08 
2.12 

with its decay enabling one to quantify the radioactivity by y- 
scintillation or externally image with a y-camera. 

This paper investigates the differences in lanthanide ionic radii 
and how these differences influence the formation of large 
quantities of stable Ln complexes for encapsulation into poly(L- 
lactic acid) microspheres for later neutron irradiation. 

Experimental Seetion 
Matori.bn Holmium chloride hexahydrate (99.9%), dysprosium 

chloride hexahydrate (99.9%), samarium chloride hexahydrate 
(99.9%), lanthanum chloride heptahydrate (99.9%), and anhydrous 
rhenium chloride (99.9%) were obtained from AESAR/Johnson 
Matthey. The following complexing agents, acetylacetone (acac), 
ethyl acetoacetate, 3-ethyl-2,4-pentanedione, 2,4-hexanedione, 
3-methyl-2,4-pentanedione, and diethyl malonate, were purchased 
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