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ABSTRACT: The dynamics of rigid random polymer coils in dilute solution has been investigated by neutron
spin-echo (NSE) spectroscopy. The polymers used were polynorbornenes that consist of chains of the bridged
norbornene rings with hexyl (PNBH) or propyl (PNBP) side groups. These polymer molecules have large internal
rotation barriers that hinder conformational changes and give each chain a kind of individual shape memory.
Thereby the chains exhibit a dynamical stiffness that leads to a significantly retarded relaxation as compared to
flexible polyisoprene chains (PI). While the latter perfectly match the prediction of the Zimm model, the
polynorbornene spectra display the signature of a dynamical stiffness due to the “frozen” coil conformation of
the PNBH or PNBP chains.

1. Introduction

Rigid random coil polymers may be considered as examples
of “single chain glasses’.Depending on the time scale of
observation, these coils should exhibit different mutual interac-
tion due to different equilibration of the conformational degrees
of freedom? The addition polymerizatiohof norbornene and !
its substituted derivatives yield polymers (see Figure 1) that R
maintain the bridged norbornene ring structure and display high
rotational barriers. They also exhibit unusual bulk properties
such as good chemical resistance, dense packing in the
amorphous state, large refractive indices, high glass transition
temperatures (which occasionally exceed the decomposition
temperature), and low birefringence. While the optical properties
and chemical inertness render these materials as candidates fdior another family of molecules with “shape memory based on
optical and electronic uses, polynorbornene (PNB) is not melt- restricted rotationt® with E, = 113 kJ/mol and equilibration
processable and possesses pronounced brittleness. These lattémes between 1 and 100 days in the temperature range 337
two properties and the solubility can be improved by the 296 K. Analogous estimation of the conformational equilibration
introduction of side groups RPNB has been characterized rate for the polynorbornenes yields time constants between 0.1
theoretically=® on the molecular scale by a set of rotational ms and 1 day. Hence, the random coil conformation is
potentials having low-energy states separated by large energyimmobilized by the high-energy barriers from other conforma-
barriers. tions at least within the time scale explored by typical

It would be anticipated that while real systems would exhibit €xperimental methods probing the molecular dynamics. This is
minor angular fluctuations within a single conformer state the €xpected to have direct consequences on the observable single
transformation from one conformer state to another is an chain dynamics in solutiona state of play directly accessible
infrequent event. Polymers of this type represent a new family Py neutron spin-echo spectroscopy. _ _
of macromolecules where the chain energy minima of the In this paper we report on the single chain dynamical
potential are distributed along the backbone so that nonextended?roperties of polynorbornenenes dissolved in tetrahydorfuran
random “frozen” chain or “single chain glass” conformations (THF) with either propane (poly(8-propylnorbornene), PNBP)
emerge. This feature must in turn be coupled with a rotational O hexane (poly(3+hexylnorbornene), PNBH) side groups, R.
potential characterized by the presence of large activation These samples were prepared by the vinyl type of polymeri-
energies to chain rotation around these barriers. This criterion Zation with the [NiBr(NPMe)]«/B(CqFs)s catalyst system that
is met for the PNB family in that a dihedral of 12@xists in leads to the structure shown in Figure 1. For details of synthesis
combination with rotation barriers df, = 50—100 kd/mol. ~ @nd characterization of the polymers see ref 11. The vinyl-type

These anticipated barriers may be related to results obtainedPolymers are soluble in CHgltoluene, THF, acetone, and
chlorobenzene. Unperturbed chain dimensions in THF solution

have been determin&ldin terms of the mean-squared end-to-

Figure 1. Chemical structure of the hydrocarbon segment of the
addition polynorbornenen(~ 6000) used. R denotes a hexane or
propane side group.

; Forschungszentrutlich. end distance afR20= 0.311 & x M/(g/mol). Estimates of
§Philipps-Universi¥éMarburg. the unperturbed chain dimensions are also available by the
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Table 1. Sample Data

R2YM/[A2 mol/g] RJA RJA
sample Muw/kg/mol Mw/Mp theta solvent good solvent theta solvent my Co
PNB 0.557 47 10.7
PNBP 400 ~2 0.46% 431 67 13.3
PNBH 600 ~4 0.31% 429 88 11.7
PNBH 350 300x% /6 88
PI 20 <1.05 0.595 129 109 17 4.7
Pl 100 <1.05 0.595 345 244 17 4.7
PI 20 <1.05 d 139 116 17 4.7
PI 100 <1.05 d 371 259 17 4.7

a Cyclohexane:® solvent at 34.5C.  Via Burchard-StockmayerFixmart213approach using THF based intrinsic viscositfesl,, and Ry from static
light scattering and SANS! Using relations given in refs 15 and 16 for good solvent cyclohexanefardlvent dioxane at 34.7C.

2. Experimental Section containing pure d-THF has been subtracted as background from
the NSE and SANS data.

2.2.1. SANSSmall-angle neutron scattering (SANS) experiments

ere performed on the KWS Il instrument at the FRJ2. We used

sample-to-detector distancé&s= 20, 8, and 2 m, and collimation

2.1. SamplesPolymers from the synthesis described in ref 11
were used for the NSE experiments. Sample data and estimateqN
chain dimensions are shown in Table 1. In order to be able to

identify possible effects due to different molecular weights due to lengths,L = 20, 8, and 4 m, using a neutron wavelengts 7.3

the broad distribution oM,, one of the samples (PNBH) was : — 100 :
fractionated. Methanol was added to a 0.1% solution of the polymer éfv;nt)f(\ i&vf \;elgngtg;p'ggzidﬂi 10%. This covers & range

at room temperature. The amount of methanol was chosen so that
the mixture became clear upon warming to q0. After having
cooled the solution again to room temperature overnight in a
separating funnel the precipitated hilyh, fraction of PNBH was zgz
collected and dried. A moderate separation consisting mainly in b=
removal of a sho shoulder in the GPC curve could be achieved. :
The thus-obtained higM,, fraction of PNHB was also analyzed

by neutron Sma”_angle Scattering (SANS) were calculated to bﬁpnhz 1.371x 1(? Cm_z andpdfTHF = 6.346

Solutions of PNBH, fractionated PNBH (hid#, fraction), and > éOégcn;*rzﬁ resg)gctivel)i %sgggin/gr%he following densitiesin
PNBP in deuterated THF were prepared with a weight concentration — -2 9/¢M andla-rre = 9.965 gicm. - i
of 1% and one with 0.5%:in order to identify possible interaction 2.3. Light Scattering. Static and dynamic light scattering
effects—of PNBH (high M fraction) and filled into quartz cells ~ €XPeriments were performed on an ALV SP-125 (ALV, Germany)
(HELLMA) with 4 mm thickness covering a beam cross section compact goniometer using an argon ion laser (Coherent, Innova

of 30 mm x 30 mm (NSE) and 2 or 5 mm thick cells that cover a 90-4), operating with vertically polarized light 4 = 514.5 nm,

10 mm diameter beam (SANS). lo=50-800 mW TEMjo. Intensity autocorrelatlor) functiorgg(Q,t)

were recorded with an ALV 5000 E (fast version, 319 channels)
multitau digital correlator covering a time window from 12.5 ns
up to several hours. Because of the use of a dual detector system
(ALV-SO/SIPD) operating in “pseudo”-cross-correlation mode
combined with an optical fiber, even the first channels could be
recorded without any distortion from electronic noise. The coher-

The corresponding scattering length densities

@

The concentration of 0.5% is about the overlap concentration
derived from the PNBH data obtained from SANS whete=
M/[(47/3)NaRg®] = 0.0049 g/cri as anticipated from the unper-
turbed chain dimension&§ = 300 A) in Table 1. For comparison,
also 1% PI solutions in d-THF were prepared from 20 and 100
kg/mol h-PI synthesized anionicalywith well-defined molecular ence factor was determined by use of PS latex spheres (PSS
weights. The chain dimensions of polyisoprene in good solvent (gs) Germany) to bef, = 0.93. All measurements were performed at '
and theta state are calculated from the following relatioRgA 20.0+ 0.1°C in the aﬁguiar range 16 © < 154, yielding aQ
= 0.135M./[g/mol))0€%02 (in cyclohexane; 28C) andRyA = 3006 from 4.77 10410 3.34x 102 AL,
0.335\u/[g/mol])?**27% (in dioxane; 34.7°C)™1° where Re =~ Static light scattering data were corrected for background

6Ry. scattering (empty cell, solvent, etc.) and finally scaled to fit to the
2.2. Neutron Scattering. The neutron spin-echo (NSE) and SANS data, which have been independently normalized to absolute
small-angle neutron scattering (SANS) experiments were carried units.
out at the DIDO reactor of the FZ4ich.1” NSE experiments were
performed with the NSE-FRJ2 spectrometer using an incoming 3. Results
neutron wavelength band = 8 A (fwhm of 10%). NSE measures . . . .
the intermediate scattering functi&®,!) (i.e., the Fourier transform 3.1. Chain Conformation. Th? scattering funct|o|$(Q) =
of the spectral functiod(Q,»)), which is displayed in normalized ~ S(Q.t=0) has been measured with static light scattering and two
form SQ,1)/Q). The wave vector settings and Fourier time range different neutron instruments, SANS and NSE. Whereas the
wereQ, = 0.05, 0.08, 0.10, 0.14, and 0.18 Rand 0.1 ns< t < former extend the range down € values that correspond to
22 ns, respectively. the coil dimension and beyond, the latter (NSE) method enables
The area detector covers an interval of ab&@y £ 0.022 A1, model free subraction of incoherent background to analyze the
Qo + 0.022 A2 with one setting of the scattering arm to a nominal local chain statistics without bias.
Q valueQqo. The integration over a selected zone can be performed Figure 2 shows the combined SLS and SANS scattering
a posteriori and chosen according to the needs of the evaluationgryes for different concentrations of the fractionated PNBH.

(good statistics vs gooQ resolution). The relaxation curves shown e gata show the typical form factor of a swollen polymer
in the following all correspond to integration over the full detector chain, i.e., an asymptotic power law~ Q-5 in the highQ

area. Only the display oQ dependencies (Figure 7) relies on region. The solid lines stem from a simultaneous fit to the

evaluation of up to five separate detector zones at each se@ing, ) . . -
All experiments were performed at a temperature of20.5 °C. Beaucage form factdt combined with a virial coefficient; the

To achieve maximum contrast and minimum incoherent background fit yields Ry = 300+ 1.7 A andA; = (11.0+ 0.9) x 105 cn®
resulting from protonated material, we used deuterated tetrahydro-mol g~ 2, Extrapolation using the Zimm plot in the inset of Figure
furan (d-THF) as solvent. Scattering from corresponding quartz cells 2 yieldsM,, = 350 000 g/mol. The value &;M,,c[1%] = 0.36 CDV



Macromolecules, Vol. 39, No. 26, 2006

10'4 o ©=9.90x10°
] ©=4.97x10""
] ©=2.95x10""]
—'E 1 ®=8.53x10""]
0
o 107 4
- 3 3
g iz
SBIREE
S0y, |
g
3 3
L 0
L SO0 Leae® Lsae® Ry
10‘2-. o'+ 610" @ A7) N
T T L A | T
10° 10"1 10"
Q[AT]

Figure 2. Scattering intensity in absolute units vs scattering veQtor
for fractionated PNBH at different concentrations (w:w) obtained by
SLS (closed symbols) and SANS (open symbols). Solid line: fit results,
see text; dotted linel ~ Q3. The inset shows a zimm plot for the
corresponding data.
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Figure 3. Coherent scattering intensity as measured with the NSE
spectrometer in the limited accessiliderange. Solid circles: PNBH,;
pluses: Pl 20K. This is true for both varieties of vinyl-type PNB
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Figure 4. Relaxation spectra of 1% d-THF solution of PI [100 kg/
mol] (open symbols) compared to those from a PNBH solution (filled
symbols) forQo, = 0.05 A1 (circles), 0.08 A? (diamonds), and 0.14
A-1 (squares). The dashed lines correspond to the Zimm model
prediction (see text).
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Figure 5. Comparison PI (thin lines) and PNBP (thick lines) @r=
0.05, 0.08, and 0.18. Dashed lines: center-of-mass diffusion divided
out.

can be extracted. Both linear PI solutions yield a value of 1/
= 1.61 close to the value= 0.61 measured by DU!Sand the
PNBH and PPNP polynorbornene solutions give %/ 1.593

polymers and also for the PI reference samples; Table 2 lists the fitted + 0.03 and 1.6414 0.03, respectively, close to = 0.6 as

values of the exponent

Table 2. Chain Statistics from High Q Asymptote of the Scattering
Intensity 1(Q) U Q7

P1100 kg/mol  PNBH
1.61 1.593 0.03

sample Pl 20 kg/mol
v 1.61

PNBP
1.641+ 0.03

expected for a self-avoiding random coil in a good solvént.

As seen in Figure 3, the value of:lis close to 5/3= 0.6 as
expected for a self-avoiding random coil in a good solvent. This
is true for both varieties of vinyl-type PNB polymers and also
for the PI reference samples; Table 2 lists the fitted values of
the exponent.

indicates that interaction effects are marginal at concentrations 3.2, Relaxation SpectraA comparison of NSE data from

of 1% and 0.5%.
The molecular weightM,,, as determined by SANS is up to

the flexible linear reference Pl and the PNBH sample both
dissolved in d-THF at a concentration of 1% ahek 20 °C is

a factor of 1.6 lower than the GPC-determined value quoted in shown in Figures 4 and 5. It is obvious that PNBH displays a
Table 1. Here we may accept this discrepancy that may resultsignificantly retarded relaxation compared to that of PI, which
from the very broad molecular weight distribution because it virtually displays textbook Zimm behavior (dashed lines) as
turns out that none of the NSE results show any indication of js discussed below. The retardation effect is much more
amolecular size dependence (see below). The latter is obviouslypronounced and already visible at smaller waveve€&othan
a consequence of the NSErange that only allows to probe  that observed on a polyisobutylene solution with comparatively
correlations well inside the polymer coils. small barriers of 13 kJ/ma&P

An additonal test of the chain conformation on a local scale  To establish a possible molecular weight dependence and
was performed with the NSE spectrometer, which was first used differences between the hexyl- and propyl-type PNB copolymer,
in diffraction mode with polarization analysis immediately we show in Figure 6 the comparison of data from PNBH as
before the relaxation spectra were measured. Because of theynthesized and fractionated to deplete the low molecular
decomposition of coherent and incoherent scattering, which wasweights as well as a juxtaposition of PNBH and PNBP. Within
enabled by the polarization analysis, there is virtually no statistical error margins no differences are visible in the
ambiguity concerning subtraction of incoherent background. The relaxation behavior as shown by NSE spectra nor between the
lowest possibleQ value of 0.04 A1 is too large to reach the  fractionated and the nonfractionated PNBH neither between
Guinier regime QRy < 1); hereQRy = 0.04 x 4006 = 6.5 PNBH and PNBP. The same is true for the comparison of the
> 1. Therefore, only the asymptotic highpower law QW 1% PNBH(fractionated) and 0.5% PNBH(fractionated) S%lISV
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mental DLS data were analyzed independently by the (i)

1.0
ﬁ\“‘%\ cumulant metho# or (ii) inverse Laplace transformation using
08® & L the regularization algorithm of the CONTIN progr&f.

§ gi\ o 5. To account for particle interactions in dilute solution, a virial
<} 064 o A4 \‘0\6\ expansion can be made, which describes the concentration
:@: 5\ g JLAEN dependence of the mutual diffusion coefficiddyw(¢):

O o4l N
RN AN Dr(¢)) = Do(1 + k5¢b) 2
0.2 Y . %§ After extrapolating to infinite dilution, the hydrodynamic radius
ﬁﬁ of the scattering particles can be derived from the Stekes
o , ié Einstein relation
0 10 20 T
t/ns = 3
1'0? R 671170y )
R0 . with ks, T, and 7, the Boltzmann constant, the absolute
08 % Ty . temperature, and the solvent viscosity, respectively.
—_ S p‘a\\ \‘n\ﬂ The thus-obtained dynamical light scattering (DLS) results
% 061 % *Tel s extrapolated t&@Q = 0 and¢ = 0 yield a diffusion coefficient
= S\ EN Do = (2.0£ 0.2) x 1077 cn? s, again much lower than the
S o4 a §\\§ D¢t value extrapolated from the NSE data. The corresponding
n \ﬁ\ g hydrodynamic radiuf, = 200 A for fractionated PNHB; i.e.,
024 \ *3; we obtained a ratid?y/Ry ~ 0.66 as expected for a swollen
| L ¢ polymer coil.
L e In contrast the NSE data of PI (100 kg/mol) exhibit a linear
0 o 10 20 increase of(Q)/Q?, i.e.,T" (Q) O Q3, with I'(Q) = 1/z(Q) and
t/ns B(Q) compatible with a value of 0.85. As is show in the next

section, theQ?-dependent rate angl= 0.85 are the signatures

Figure 6. Relaxation spectra as in Figure 4: (a) comparison between expected from a chain that exhibits normal Zimm dynarfics.

PNBH and a high molecular weight fraction of PNBH and (b) between

PNBH and PNBP.

3.3. Comparison to the Zimm Model. At intermediateQ

values the structure factor for Zimm dynamics can be cast into
a master functior§(Q,)/S(Q) = F(Q3kTg/[6r17]) = F(TI'(Q)t),

30 T
“ﬁ @i% with an universal functior(x):19.24.25
% 2] 5@ F(x) =
o [5) e —2I _ - /2\/—
o 9 LY o | 2 meCosfux (1 — expl-y*Yv2])
g ______ i :?‘&!_i._?_ ____________ ./(; ex u=x /o y2 dy du
.~ 101 /
© / (4)
© Lips over the range where most of the decay hapg€rkis close

to a stretched exponenti&(x) = exp[—(x/a)’] withz3a =~ 1.354
and$ = 0.85. In that regime (Q) = I'(Q) = I'(Q)/a. Note
Figure 7. Effective diffusion coefficients for fractionated PNBH (solid  that the asymptotic form df(x) with f = 2/3 is only valid for
circles) andQ? scaled rate from exp-(t['(Q))’} (with 8 ~ 0.85) for largerx, whereF(x) < 1073, i.e., beyond the NSE observation
PI[100 kg/mol] (open squares). DLS indicates the diffusion constant range. The Zimm scaling time parameter depend€®mnd
limit Der(Q~0) obtained by dynamical light scattering. Within the range 0, s\ ent viscosity). The experiments presented here are all
of DLS Q < 0.0334 A already a slight increase 8%(Q) by 10% is ;
encountered. The dashed lines are guides to the eye only. performed with deuterated THF at 2@ as solvent. The
tabulated® viscosity of deuterated THF at 2C is 0.501 mPa

. . . . s and 0.557 mPa at 15°C; linear interpolation to 20C yields
tions, corroborating that the chosen concentrations in the range .

- . 0.53 mPas. To account for the observation that a good
of the overlap concentration* are sufficiently low. The

relaxation curves of PNBH and PNBP can be well fitted with descrip_t lon pf Zinf\mhdygamics (proba)b ly dug tothe Friﬁve;agring
. _ . approximation of the Oseen tensor) requires a slightly higher

stretched exponential§(Q,1)/S(Q) = exp[—(/z(Q))#Q)], with ; . =
f values smaller but close to 20.9). This suggests to interpret ef_fectlven (see_ ref 2.7)’ we fixpert = 0.55 mPa_s t_hroughout

) T : this paper, which yields a very good description of the PI
the data tentatively by a diffusion-type scattering func&m,t)/ reference data
SQ) = exp[-tDex(Q)Q?, which yields acceptable fits and an Ei 8 sh ) " | f the ref | h
effective diffusion constant as a function @ as shown in 'gure 8 shows scaling plots of the reference samples together

. . with the predictions of the Zimm model. For a finite chain the
Figure 7'_TheDeff£Q) data show a S"Q“P .Step of abOLE 30% results of the Zimm model read as follows. The center-of-mass
aroundQ = 0.12 A1, The extrapolated limiting valuBex(Q=0) diffusion assuming a G ian chaf-olvent) i49
=~ (10-12) x 1077 cm?/s is a factor of up to 5 larger than g a Gaussian cha@-golvent)
anticipated for center-of-mass diffusion from the unperturbed Doy = 0.196T/(Ry7) (5)
chain dimensions. Also, no significant difference is observed
between PNBH and PNBP despite the difference in molecular for a good solvent the prefactor is 0.203 instead of 0.196. The
weight. PNBH solution has been investigated by DLS to get an internal motions including rotational diffusion of the spring-
independent value of the center-of-mass diffusion. The experi- and-bead chain model are described by relaxation modesC\fBT\r}

0 ; ; .
0 0.05 0'10, 0.15 0.20
QA~
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Figure 9. NSE data (symbol€/A-1 = 0.05: solid circles; 0.08:
triangles up; 0.1: solid diamonds; 0.14: solid squares; 0.18: triangles
down) from a 1% solution 20 kg/mol PI in d-THF at 200 compared

to the prediction of the Zimm model, eq 7.

3
T,m=t Q KgT/6mn

Figure 8. Zimm scaling plot for 100 kg/mol linear Pl solution (small
symbols) and the higM fraction of hexyl-PNB (large black symbols),
Qu/A~1=0.05 (solid circle), 0.08 (triangle up), 0.10 (solid diamond),
0.14 (solid square), and 0.18 (triangle down). The solid lines correspond
to fits to the discrete Zimm model.

mode numbep and characteristic times,:

3
_ IR
Figure 10. Data from PNBH (highM fraction) compared to the Zimm

= p
P V3T
. I . . | variants; solid li ith stiff fficiemt= 0.077, dash
with the modifications suggested in ref 19 for good solvent with m%d\?vit\;]agigﬁi’its,%é%e'q?mvi\i;tijn' tgfmii ioflfcm - dashed

v = 0.6—insertingv = 1/2 yields the Gaussian chain expression

(6)

t/ns

Q.1 is computed: observed relaxation rates. Now, allowing some further internal
motions by including not only the first mode but a few more
B(mnt) = |n — m?1? + modes up to a cutofbmax yields a very good representation of
2 the PNBH and PNBP data, as is illustrated by the dashed lines
AR 1 7pn pm 1y in Figure 10 for the higM fraction of PNBH withpmax = 11
52 ot N cog——|1—-¢e ") (if the fit is performed withRe = 450 A, for the scaling
T PP properties ofomax and Re see the discussion below). Since the

N reason for the suppression of higher modes is thought to be
Q) = ZefozDCMtf(Qzlfi)B(m,n,t) 7 chain stiffness, a description of the effect may also be achieved
e by adding a fourth-order term to the effect of the entropic spring
constant which contributes proportional 1 in Fourier
wherel? = (R&Z/N?). The physical relevant parameters that enter representatiof®2° The stiffness effect is then semiempirically
eq 7 are the chain dimensié and the viscosity;. OnceN is represented by replacimg with (p? + op?) in the corresponding
chosen large enough the resultif,t)/S(Q) is independent expressions. In eq 7 this affects the relaxation mode spectrum
of N and the resulting effective “bond length. Equation 7 spectrumz, 0 1/(p* + ap*~) and the prefactor of the cosine
perfectly describes the NSE results for the reference PI solutionsproduct in thep-summation 1471 + ap®). A fit of this

without further adjustments. expression with unlimiteg--summation yieldsx = 0.077 and
The thin lines in Figure 8 correspond to the computation of Q,)/S(Q) as displayed by the solid lines in Figure 10.
S(Q,)/Q) (Re = 346 A for PI with 100 kg/mol). Limitation of modes or introduction of a stiffness parameter

In contrast to those from PI, the data from PNBH and PNBP yields similar relaxation curves that are both compatible with
solutions donot scale according to the Zimm prediction and the data. In both cases higher modes are suppressed: in the
exhibit a significantly retarded relaxation compared to the first case explicitly and in the latter case by the prefactq?1it
reference solutions. The observed relaxation is still faster by a+ ap*) where thep* term reduces the importance of higher
factor 2-3 than the expected center-of-mass diffusion. Even if modes. Figure 11 displays a comparison of fitsxafo match
we consider the polynorbornenes as rigid random coils besidesNSE data of PNBP and PNBH. There is an implict correlation
the center-of-mass diffusion, there should be an additional of the resulting value foe. with the entered coil dimensidRe.
contribution to the relaxation due to rotational diffusion. Within In parallel also the cutofpmax Which is necessary to describe
the Zimm model the rotational diffusion is described by the the data in the alternative approach decreases wReis
first mode p = 1). The corresponding scattering function can reduced. Systematic variation of the input value Rarto the
be computed using eq 7 but keeping only the first term of the fit procedure reveals the dependence.@ndpmax, respectively,
p-summation. However, with the given coil dimensions it turns  onRe, as shown in Figure 12. In particular, the maximum mode
out that this procedure is not sufficient to account for the number allows a straightforward determination of the sizeé[))fv
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Figure 11. Comparison of NSE data from PNBH and PNBP with the stiffness modified Zimm model Rits 853 A, o = 0.16) and R. = 430
A, a. = 0.08), respectively.

is able to reach the equilibrium conformation of a flexible chain

1073 in a good solvent. Both conclusions are consistent with the
estimated conformation equilibration time scale of 0.1 msto 1
?10'— day given above. Strictly speaking, the present NSE experiment
g only allows to restrict the equilibration time scale to any value
510%4 above a few 100 ns. However, the dynamic respd¥€xt)

significantly deviates from a flexible polymer like PI, which
has been measured to serve as reference. While the latter exhibits
textbook Zimm dynamics and scaling, the relaxation from
polynorbornenes violates the scaling and lags behind the pure
Zimm relaxation. 1tsQ dependence rather resembles diffusion
with a weakQ dependence of the effective diffusion constant.
Still the value of the effective diffusion constant at Idwis
2—3 times larger than that expected for center-of-mass diffusion
of a rigid coil. Inclusion of rotational diffusion corresponds to
the effect of the first Zimm mode, which turns out to be not
enough. To describe the observed relaxation, inclusion of the
Pmax first Zimm modes (11 foRe = 450 A) is necessary. The
corresponding model describes all data with only one free
parameter, the mode cutoff,ax Together with the assumed
chain length-as expressed biRe—this parameter leads to the
10° invariant physical value. = Rgpmax © Of the end-to-end radius
of the virtually stiff chain sections. Alternatively, a local stiffness
parameterx which adds axp* term to the chain deformation
(bending) energy may serve as single parameter to yield equally
good (or even slightly better) fits to the experimental data. The
mode cutoff may be interpreted in terms of virtually rigid
subcoils with all internal modes suppressed, which have a size
of re = 107 A.

These results may be explained by the assumption that the
modepmaxleads to displacement,. . (n) O cos@@pmatVN); i.e., actual conformation corresponds to a highly degenerated
the typical extension in terms of segments is N/pmax Which potential minimum that is separated from equivalent conforma-

leads to an end-to-end distance of the coherently moving subcoiltions by reasonably high-energy barriers such that at least within
re = Nes, i.€., re = RP~%. Inserting typical numbersRt = the observation time of the NSE experiment (ie1,00 ns) no

Prge + X7 4]

Figure 12. Correlation of the fitted value for the stiffness coefficient
o, the maximum mode numbgia, and the assumed (fixed) chain
extensiorRe. The line corresponds @ 0 (R?") ™ t0 Pmax [ R Plus
signs indicate the? values of the fits.

the moving regions in the norbornene coils. Chain statistics
yields Re = N¢ if N segments of effective lengthy are
assumed. Mapped onto the linear chain coordinale limiting

450 A) x 11796 = 107 A within which the subcoils behave
virtually rigid. Because of the scaling propertipd] R” as
displayed in Figure 12, this result is virtually independent of
the exact choice oR. during this procedure if it is only large

rearrangement is possible. But during macroscopic time interval
(e.g., the time between sample prepration and experiment) an
equilibrium coil conformation can be attained. An analogous
scenario of a dynamically stiff chain that resembles a “stiff bent

enough. This also explains the independence of the experimentalvire” model has been discussed to explain observations pertain-
results on fractionation and on the exact value and distribution ing high-frequency oscillatory birefringence of polymer solu-

of molecular weight. tions3031To arrive at a model consistent with the existence of

normal long-wavelength Zimm modep € pmay), it must be
4. Conclusion assumed that the entropic spring effectively acts only over larger
The results of the NSE experiments strongly support the (topological) distances.

hypothesis that the polynorbornenes form nearly frozen coils The bending stiffness is important at lower distance, i.e.,

in solution. The power law type scattering intensa{@,t=0) higher modes, and overseeds and thereby supresses any entropic
0 Q V=08 indicates that during or after synthesis the polymer spring effects there. This explains the obvious validity of &BV
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Zimm modes with low mode number and the lack of higher (12) Burchard, WMakromol. Chem1961, 50, 20—36.

modes in a natural way and corroborates the expectation th
polynorbornenes in solution exhibit some properties of a frozen

random coil.
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