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Abstract: The segmental motion and local conformations of poly(/N3-(3-hydroxypropyl)-L-glutamine) (PHPG) in aqueous so-
lution have been investigated by 13C and 'H magnetic resonance and relaxation. This polymer is a typical example of a poly-
peptide having a long aliphatic side chain containing a rigid core. Two widely different '3C resonance frequencies, 22.7 and
63 MHz, were used to confirm the validity of the proposed motion models. '3C relaxation data of C, has been interpreted in
terms of a quasi-isotropic segmental reorientation of the main chain assuming a Cole-Cole distribution of correlation times.
13C and 'H relaxation data of the side-chain methylene groups indicate a large difference in the dynamical behavior of the two
parts separated by the rigid amide group. The data concerning the glutamyl methylene groups are consistent with a reorienta-
tion among three unequivalent sites, whereas the motion of the first methylene group of the hydroxypropyl fragment can be
represented by a rotational diffusion about N-C,. The two other methylene groups of this fragment undergo random jumps
among three nearly equivale..t sites. The rotamer populations assumed from the jump motions of methylene groups are consis-
tent with those derived from proton vicinal couplings. The activation energies corresponding to the different segmental motions
have been obtained from the temperature dependence of the 'H and !'*C longitudinal relaxations.

I. Introduction

Synthetic homopolypeptides are the simplest models of
proteins. They have been extensively used to study the pa-
rameters governing the formation and conversion of the sec-
ondary and tertiary structures in natural proteins. Thus, they
are excellent models to investigate the properties of helical
structures. However, since amino acid side chains are not rigid,
any given activity must be related not only to the local con-
formation but also to the dynamical behavior of the considered
group. In the last few years, much work has been devoted to
the understanding of the dynamics of polymer side chains and
main chains. For this purpose, nuclear magnetic relaxation
methods have been found to be very convenient.2 Our previous
studies in this field concerned poly(L-glutamic acid).* We are
now investigating the dynamical behavior of homopolypeptides
containing side chains of various types, i.e., aliphatic, basic,
and aromatic. An interesting case is that of a long linear chain
with an internal rigid core. A good example of this type is
provided by the poly(/V*-(hydroxyalkyl)-L-glutamines), which
are expected to present several kinds of local conformations
and local motions. We have thus chosen the example of
poly(V3-(3-hydroxypropyl)-L-glutamine):

—tNH—CH—CO—
sCH,

w(l;H2
N
0”7 “NH—CH,—CH,—CH,—OH
m (2] (3
which is essentially in a coiled form in aqueous solution with
a small helix content at low temperature,’ the contribution of
which is negligible under our experimental conditions.
Owing to recent advances in the field of the nuclear relax-
ation applied to macromolecules, several models of segmental
motions can be treated by available computer programs. The
selection between different models may be performed by the
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measurement of the longitudinal relaxation time at different
Larmor frequencies. We have therefore measured the 13C
relaxation at 22.63 and 62.86 MHz and the proton relaxation
at 250 MHz as a function of temperature.

II. Experimental Section

Materials. Poly(~N3-(3-hydroxypropyl)-L-glutamine) (PHPG) was
obtained from poly(y-benzyl L-glutamate) according to the original
procedure of Lupu-Lotan et al.% with a few modifications. y-Benzyl
L-glutamate” was converted to the corresponding N-carboxy anhy-
dride (NCA) by treatment with 2 equiv of 4 M phosgene in THF.#
After tworecrystallizations from ethyl acetate/petroleum ether, the
NCA was polymerized as a 10% (w/v) solution in anhydrous DMF,
n-hexylamine being used as initiator. The monomer to initiator ratio
was 200. After 2 days, the poly(7y-benzyl L-glutamate) (PBLG) was
isolated by precipitation in absolute methanol, washed with dry diethyl
ether, and vacuum dried. Viscosity measurements in dichloroacetic
acid at 25 °C according to the modified Doty equation®® indicate
a molecular weight of 42 000 corresponding to an average polymer-
ization degree of 191. PBLG (1 g) was freeze-dried from a dilute so-
lution in dioxane and allowed to swell in 6 mL of dioxane at 75 °C for
2 h. To the stirred viscous solution, 10 mL of 3-aminopropanol was
added dropwise to precipitate the polymer as a fine suspension. The
mixture was flushed with dry nitrogen and allowed to stay for 20 h at
75 °C, at which time a clear solution was obtained. PHPG was isolated
by precipitation in dry acetone, washed with ether, and dried. Puri-
fication was achieved by dialysis against distilled water for 5 days at
5 °C in heat-treated cellophane tubing. Final freeze-drying yielded
750 mg (90%) of PHPG as a white, expanded, fibrous material. UV
absortion measurement at 257 nm indicated a complete removal of
the benzyl groups. Intrinsic viscosity determination was performed
in water at 28.5 £ 0.02 °C with a FICA automatic viscosimeter. The
obtained value of 0.165 dL g=! indicates a molecular weight of 33 400
(average polymerization degree of 180) using the viscosity law of
Lupu-Lotan:® n = 1.4 X 10~°M%%. The comparison of this polymer-
ization degree with that of the parent PBLG shows that very few
peptide bonds were broken during aminolysis.

NMR Experiments. PHPG was twice freeze-dried from 99.8% D
D,0 after treatment with a small amount of Chelex 100 chelating
resin to remove possible metallic impurities. Before experiment, the
calculated amount of polymer was dissolved in 99.8% D D,O for '3C
measurements and in 99.95% D DO for 'H. All indicated concen-
trations refer to monomer units. For '3C experiments the concentra-
tion range was 0.6-0.7 M and for '"H 0.05 and 0.5 M solutions were
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Figure 1. Stereoscopic display of an inversion recovery experiment on 'H at 250 MHz for PHPG at 303 K. The delays between the 180 and 90° pulses
are indicated. 1n this experiment, the delay between the pulse sequences was 8 s.

used to check the concentration dependence of the relaxation
times.

Natural abundance !3C spectra were obtained with a Cameca TSN
250 and a Bruker WH 90 operating at 62.86 and 22.63 MHz, re-
spectively. All experiments were done under noise decoupling of
protons. 'H experiments were performed at 250 MHz with the
Cameca TSN 250 spectrometer. 1n all experiments, the temperature
was controlled within 1 °C. Longitudinal spin-lattice relaxation
times T; were obtained by the 180-7-90 inversion recovery pulse
sequence. The delay between the sequences was at least five times the
largest estimated 7. Figure | shows a typical stereoscopic display
used for Ty measurements. All Ty values were obtained from the initial
slope of the magnetization recovery plots with an accuracy of +£5%.

II1. Theoretical Part

The calculation of '3C and 'H relaxation rates has been done
under the following assumptions:

(1) The segmental motion of the macromolecular backbone
is isotropic. Moreover, the experimental results suggest the
existence of a distribution of the correlation time 7. about a
mean value 7R.

(2) The motion of any methylene group of the side chain is
coupled with the backbone motion and can be described by one
of the three following models: model A, stochastic rotational
diffusion; model B, random jumps between three equivalent
sites; model C, reorientation by random jumping among three
sites, two of which are equivalent.

1. Main Chain. The segmental motion of the main chain has
been derived from the '3C, longitudinal relaxation time 7).
The relaxation of this carbon being mainly induced by the di-
rectly attached proton, we have'?

1
[Ty~ Tise = 15 yuPvc?hlren™

X [J(wH = we) + 3J(we) + 6J(we + wn)] (1)

Y. Y¢, WH, and wc being the magnetogyric ratios and Larmor
frequencies, respectively. rcy is the distance of a carbon to a
directly bound proton.

In the case of an exponential autocorrelation function, the
spectral density J{w) is

T
1 + w?r?
If there is a distribution of the correlation times 7. defined by
the probability function G(7.) it becomes

s = 70 o, @

In the present case we have used the symmetrical Cole-Cole
distribution,!! the density function of which is

J(w) = (2)

_ 1 sin (y7)

27 cosh (S) + cos (y7)
where S = In (7/7Rr), Tr being the center value of the distri-
bution. 0 < v < 1is a parameter related to the width of the

distribution; ¥ = 1 corresponds to a single correlation time, The
relevant spectral density is

1 cos (1 —y)(m/2)
2wcosh (v In wrgr) +sin (1 —v)7w/2

F(S)

(4)

J(w) =

%)

2. Side Chain. We shall summarize here the main possible
models which may be considered for the segmental motion of
the side chain. The relevant expressions of relaxation rates may
be found in ref 17-21.

The stochastic rotational diffusion model (model A) has
been treated by several authors.!3-!5 It is useful to obtain a
semiquantitative picture of the mobility along a chain since the
motion of each segment depends upon a single adjustable pa-
rameter. However, in the case of alkyl chains model A seems
inconsistent with the relaxation data obtained at different
Larmor frequencies.?! Furthermore, it does not take into ac-
count the differences of potential energy between the different
rotamers.

The model of reorientation by jumping among three sites
is conveniently represented by the following scheme:
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Figure 2. Selection of the most convenient model for the rotation of the
(CHa2)g group about C,-Cg from the '3C longitudinal relaxation times
at 22.63 (0) and 62.86 MHz (®). The spectrometer frequencies and the
models chosen for the simulation of the temperature dependence of T are
indicated beside the computed Ty = f(1/T) curves. The model (C) of
rotational jump among three sites with W, /W, = 0.167 and r(C-H) =
1.09 A vyields the best agreement with the experimental T, at both
frequencies (solid lines). The dotted lines above and below the solid lines
have been computed with »(C-H) = 1.08 and 1.10 A, respectively. The
parameters for model A (rotational diffusion) and model B (jump among
three equivalent sites) have been adjusted to fit the experimental Ty’s at
22.63 MHz but are clearly not convenient at 62.83 MHz (+++ and

"

Positions 1, 2, and 3 correspond to the three possible sites
among which jumps occur. W, W, and W; are the respective
jumprates (1 — 2 and 3),(2and 3 — 1), and (2 = 3), a being
the angle between equivalent sites 2 and 3. The populations of
sites 1, 2, and 3 are related to the ratio of the jump rates v =
W\ /W, by

_ 1 _ v
20+ 1 20+ 1

P2 = P3 =

The original Woessner’s model,'® designated hereafter as
model B, corresponds to three equivalent sites with W, = W,
= W3 (v =1)and a = 120°. It is often applied to the rotation
of methyl groups, whereas the more general model C with W,
# W, # W; is generally more convenient for methylene
groups withv 5 1 and W3 = 0'7 or W3 < Wy, W,.18-21 Lastly,
the jump among two sites may be treated as a particular case
of model C with either & = 0 and v variable, according to the
population of the sites 1 and 2, or e = 0, W,/ W, 2 0, and W3
variable,18.2!

Most of our calculations have been performed with the
standard C-H bond length of 1.09 A (H-H = 1.78 A). C-H
distances from 1.08 to 1.10 A may be found in the literature,
the upper limit being often assumed for aliphatic residues. To
these extreme values corresponds a deviation of £6% of the
computed relaxation times, with respect to those obtained from
the internuclear distances given above. This deviation is of the
order of experimental uncertainties as shown in Figure 2 for
the example of Cg. Figure 2 illustrates also how critical is the
choice of the model of internal motion for the agreement be-
tween the experimental and calculated relaxation times. For
a given spectrometer frequency, the temperature dependence

(6)
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Figure 3. Observed and calculated 250-MHz 'H NMR spectrum of PHPG
at 350 K. The lower spectrum was computed from the parameters given
in Tables I and 1.

Hy

H,

~

N

CO

)

Cy H/‘r,2
H H;, H3 c,
i7} N BB N

C.

' CQ
Sy
H H
g s,
B Cs LRy,

G’ T G

Figure 4. Definition of the different rotamers of 8 and v methylene
groups.

of the 13C longitudinal relaxation may be satisfactorily simu-
lated by adjusting the rotational diffusion constant or jump
rates about each bond for any of the models A, B, or C. On the
other hand, an unambiguous selection may be operated by T
measurements performed at very different spectrometer
frequencies, e.g., 22 and 63 MHz, as in the present study. In
the case of Cg, for instance, Figure 2 shows clearly that only
the model C is consistent with the experimental data obtained
at these frequencies. It will be shown later that this model is
well supported also by proton relaxation data.

N being the number of directly bound protons for a given
carbon, all our !3C relaxation times will be expressed as NT)
values. For a methylene group, the proton relaxation is mainly
due to the H-H geminal interaction with ruyy = 1.78 A,
However, it is possible to take approximately into account the
vicinal dipolar contribution by introducing in our calculations
an effective interproton distance slightly shorter than 1.78 A.
This correction will be discussed in the next section.

IV. Results and Discussion

1. IH NMR Determination of the Rotational Isomerism. In
the calculations of relaxation times, the ratios of jump rates
between equilibrium sites depend upon their populations, which
may be estimated from the 'Juy vicinal couplings. Figure 3
shows the 250-MHz 'H NMR spectrum of PHPG in D,0 at
350 K. It is compared with a spectrum simulated by means of
a NIC-80 computer, using the Nicolet NMRCAL program. In
spite of line widths of 2.5 or 5.0 Hz, depending upon the seg-
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Table I. 'H Chemical Shifts from lnternal TSP (Trimethylsilylpropionate-d4 Sodium Salt) of PHPG in D;0 at 350 K and Line Widths

Used for Spectrum Simulation at 250 MHz

He Hg Hy H, H. H, H, H;
6, ppm 4.30 2.12 2.008 2.348 2.328 3.25 1.736 3.61
Av) 3, Hz 5.0 5.0 5.0 2.5 2.5 2.5

Table II. 'H Vicinal and Geminal Coupling Constants Obtained by Simulation of the 'H 250-MHz Spectrum of PHPG at 350 K

coupling afl af B8s By By’ By By Y HiH» HH;
J,Hz 5.5 9.0 —15 7.0 7.0 7.0 7.0 -16 6.3 6.5
! R T T T Table III. Rotamer Populations for PHPG at 350 K
i bond P P’ P
P r Ca—Clg 0.63 = PG’ 0.24 = PT 0.13= PG
F e —202—0 ° < Cs-Cy 0.20 0.40 0.40
as = C-C; 0.333 0.333 0.333
. R . C,-C; 0.35 0.35 0.30
I Tt e e0 o >t eo—o | P1=0.63, PG =0.13, P =0.24
7 or
0 i 1 1
e % S e Pr=0.24,P; =0.13, Pg = 0.63
However, a recent work of Fischman et al.2? concerning leucine
! R T T T indicates that the G’ rotamer is predominant. This conclusion
was obtained from a complete set of 'H, 13C, and !*N coupling
P constants. Moreover, in this case the 'H couplings are very

oS =

25 50 5 Te 100

Figure 5. (2) Temperature dependence of the rotamer populations of the
glutamyl group: P,.g (O), P'y-p (@), Pg-, (A), P's., (&). (b) Temper-
ature dependence of the rotamer populations of the hydroxypropyl frag-
ment: Pc.c, (O) and Pc,.c, (@),

mental mobility (see section IV2), variations of £0.5 Hz about
the coupling constants and chemical shifts given in Tables I
and IT gave rise to significant differences between the calcu-
lated and observed spectra. The rotamer populations about
each bond have been determined from the coupling constants
given in Table II. We have used the Kopple modification of the
Karplus relation:??

Wun = 11.0cos? 8 — 1.4 cos 8 + 1.6 sin? 4 (7)

8 being the H;C,;C;H; dihedral angle. This equation yields J;

= 12.40 and J; = 3.25-Hz for the trans and gauche proton

vicinal couplings. Figure 4 gives the definition of the G’, T, and

G rotamers about the C,-Cz and Cs-C, bonds. The same

definition holds for the rotamers about C;~C; and C5-Cas.
The rotamer populations about C,-Cg are given by

Pr= Jap) — Jg
J‘ - Jg
pg =Jer= s
Jt - Jg
Pg=1-Pr—Pg (8)
Since it is not possible to assign unambiguously the 8; and (3,

resonances there are in principle two possible solutions of eq
8:

similar to ours. This behavior of the C,-Cg bond appears to
be quite general for &« amino acids with a linear side chain. It
is therefore reasonable to assume that in the present case the
G’ rotamer is predominant.

The rotamer populations about C4~C,, have been calculated
from the equations

Pr= o —Jg _Impn—J

Jo=Jg - Ji—J,
py = Jom =g
J] _Jg
Pg=1-Pr—"Pg %)

The respective equilibrium positions of Hg, and Hg, being
unknown, eq 9 gives three rotamer populations (P, P/, and P”)
the nature of which is undetermined (Table III). A similar
situation occurs for the rotamers about C;-C; and C,-Cjs, but
in this case the populations are nearly equivalent (Table I1I).
Figures Sa and Sb show that these populations have a small
temperature dependence.

2. Proton and Carbon-13 Longitudinal Relaxations. The
field-dependent relaxation of 1*C has been measured at 22 and
63 MHz. Figure 6 shows the '3C NMR spectrum of PHPG at
63 MHz. No attempt was done to obtain information from the
two carbonyl carbons, the relaxation time of which is very long.
Their relaxation is likely not entirely dipolar, being subjected
only to long-range interactions with protons. Moreover, their
resonances become separated only above 50 °C.

The quasi-isotropic segmental motion of the main chain was
obtained from the temperature dependence of the relaxation
of C,. Figure 7 shows the NT values at 22.63 and 62.86 MHz.
The solid line was calculated from eq 3 and 5 with the following
parameters: activation energy AH = 6 kcal mol™!; 7o = 4.837
X 10714 s; Cole-Cole distribution parameter v = 0.70. The
preexponential factor 7¢ is defined by 7r = 7o exp(AH/RT).
On the same figure we have represented the effective corre-
lation time 7r. These results are very similar to our previous
data concerning poly(L-glutamic acid)? and allow a satisfac-
tory description of the quasi-isotropic segmental motion of the
polymer backbone at any temperature.
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Figure 6. 62.86-MHz '3C spectrum of PHPG 1 M in D0 at 333 K. The chemical shifts were obtained from internal dioxane and are corrected relative

to MesSi. COp,c and COq. indicate respectively the main-chain and side-chain carbonyl groups.
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Figure 7. 13C,, relaxation times at 22.63 (O) and 62.86 MHz (®). The solid
lines are calculated assuming a quasi-isotropic segmental motion of the
main chain with a Cole-Cole distribution parameter vy = 0.7. The fol-
lowing parameters were used: AH = 6.0 kcal mol~!, 7o = 4.837 X 10-14
s (the 7'y minimum occurs at 260 K for »(13C) 22.63 MHz). The dotted
line represents the temperature dependence of the calculated effective
TR

The motion of (CH;)s has been investigated by the relaxa-
tion of Cg. The rotamer populations derived from proton vicinal
couplings being Pg- = 0.63, P = 0.13, and Pt = 0.24, the
most convenient model is clearly the jumping between three
inequivalent sites. Figure 8 shows the data obtained at two
frequencies. The solid lines were calculated with the model C
taking W/ W, = 0.167. W3, assumed to be smaller than W,
has virtually no influence on Ty. An Arrhenius plot of W)
yields an activation energy of 3 kcal mol~!. The corresponding
rotamer populations calculated fromeq 6 are P = 0.75, P, =
P3 = 0.125. These values are in reasonable agreement with
those derived from the 'H coupling constants. The important
point is that only a model assuming jumps among three sites,

and AH = 3.0 kcal mol™.

one of them being much more populated, is consistent with the
experimental data at two very different Larmor frequencies.
As a verification of our model for the motion of the 3-methy-
lene group about C,-Cgs, we have calculated the relaxation
time of 3 protons using the kinetic parameters given above. If
one takes ryy = 1.78 i, the computed 'H relaxation times are
slightly larger than the experimental ones. The relaxation of
8 protons is not entirely due to geminal dipolar interactions and
the contributions of & and vy protons have to be taken into ac-
count. These contributions are, however, difficult to estimate
since they are likely attenuated by the rotations about C,-Cg
and Cg-C,; moreover, the assignment of the rotamer popu-
lations about this latter bond is ambiguous. A satisfactory
agreement is, however, obtained (Figure 9) by adjusting em-
pirically rim to 1.733 A; i.e., the total contribution of &, 1,
and v protons is equivalent to a proton at a distance of 2.86
A from Hpg, or Hg,. We have observed, moreover, that there
is no concentration dependence on the relaxation of Hg,g, in
a range of 0.05-0.5 M in monomer units.
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Figure 9. 'H relaxation times of (CH2)g (O) and (CH3), (@) protons at
250 MHz. The solid lines are calculated with the kinetic parameters of
Figures 8 and 10. The vicinal dipolar interactions are also taken into ac-
count (see further explanation in the text).

The rotamer probabilities obtained from the 'H couplings
about C4-C, are P = 0.40, and P’ = P” = 0.20. It appears
again that the model C must be used to describe the motion of
(CH,),. The '3C relaxation data at two Larmor frequencies
are given in Figure 10. The solid lines are calculated with v =
2 and W3 « W;. The activation energy obtained from the
Arrhenius plot of W is 5 kcal mol~!. The value found for ¢
corresponds to the sites populations Py = 0.2, P, = P3 = 0.4,
which are in perfect agreement with those obtained from 'H
coupling constants. It appears therefore that about the Cg-C,
bond two of the rotamers are equally populated, the third one
being less probable. This model has been fully confirmed by
'H relaxation at 250 MHz. Figure 9 shows the experimental
results of 'H relaxation at two polymer concentrations. The
solid line was computed with the kinetic parameters used for
13C simulation, taking an effective H-H distance of 1.740 A,
slightly larger than in the case of (CH3)gsince there are only
two vicinal protons.

The rigid core formed by the peptide bond in the side chains
induces a large difference in the dynamical behavior of the
glutamyl and hydroxypropyl fragments. This is well evidenced
in the "H NMR spectrum of PHPG, where the line widths of
H,, H,, and Hj; are nearly half those of H,, Hg, and H, (Table
I). No information on the rotamers about the N-C; being
available from the J coupling constant, we have tried several
models for the motion of (CHy)(1) about this bond and par-
ticularly the two states jump. From the '3C relaxation data at
two frequencies (Figure 11a) it appears that the diffusional
model (model A) only is convenient. The temperature depen-
dence of the diffusion coefficient about N-C; yields AH =~
6 kcal mol~!. Figure 11bshows the corresponding 'H relaxa-
tion data. The solid line was calculated using the same kinetic
parameters as for !3C simulation and introducing a small
correction of the rpy distance. The value of ryy = 1.76 A takes
into account a small contribution of the vicinal protons of
(CHay)(») to the relaxation of the (CH3)(1) protons. The good
consistency of the diffusion model with our experimental data
at three frequencies may be explained as follows. Among the
three bonds existing between C, and C,, rotation can occur
about two of them, i.e., C,-CO and N-C,. This means that
there are many degrees of freedom. Even if preferential ro-
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Figure 10. ‘3C7 relaxation times at 22.63 (O) and 62.86 MHz (@®). The
solid line is calculated assuming a three states jump model motion with
W,/W, = 2.0 and an activation energy AH = 5.0 keal mol~1.

tamers exist about C,-CO or N-Cy, there are always more
than three possible configurations between CO and C,. Thus,
the rigid amide bond is a point of libration of the side chain and
the dynamical behaviors of the glutamyl and hydroxypropyl
parts are nearly independent.

For the motion inside the hydroxypropyl group, it is expected
that the diffusion model is no longer valid as confirmed by '3C
and 'H relaxation data which cannot be fitted simultaneously
to the computed curves by use of model A.

The analysis of the 'TH NMR spectrum indicates nearly
equivalent rotamer populations about C;-Cj; so that the Wo-
essner’s model B with W = W, = W3 seems more appropriate
than model C where the three equilibrium sites are inequiv-
alent. Figure 12a shows that model B is indeed very consistent
with the '3C relaxation times, taking an activation energy AH
= 5.9 kcal mol~! for the jump rate. The temperature depen-
dence of 'H; relaxation time computed with the same pa-
rameters is accurately fitted to experimental data (Figure 12b)
with an effective H-H distance of 1.735 A, nearly equivalent
to that found for Hg, which experiences the dipolar interaction
of three vicinal protons instead of four in the present case. This
may be explained by a larger reorientational freedom about
Ci-C; and C3-C; than about C.-Cgand Cg-C,.

Owing to the high mobility of the (CH3)(3) group, almost
no frequency dependence is observed in the !3C relaxation
(Figure 13a). The rotational diffusion model A about'C,-Cj3
being very unlikely in an aliphatic chain as seen above, we have
adopted the model B for the simulation of the curves of Figure
13a because of the quasi-equivalence of the three rotamers
about C»-Cj evidenced by the proton vicinal couplings (see
Table I11). In the absence of a frequency dependence of the 13C
relaxation, the validity of this model is confirmed by the proton
relaxation (Figure 13b). The activation energy for the jump
motion about C>-C; is AH =~ 6 kcal mol~!. The effective in-
terproton distance for the simulation of Figure 12bis 1.76 A,
as for the protons of (CH,)(1), which experience similar dipolar
interactions with vicinal protons.

The parameters of Table IV are given as typical examples
of the input data used to simulate the experimental results. An
interesting observation can be made concerning the (CHa)(3)
methylene group. The jumping rate about C,-Cj is smaller
than about C|-C; even if the model of motion is identical. This
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Figure 11. (a) '3C) relaxation times at 22.63 (O) and 62.86 MHz (@®). The solid lines are calculated assuming a stochastic rotational diffusion with
AH = 6.0 kcal mol~!. (b) 'H relaxation times at 250 MHz for (CH)(,) protons. Two polymer concentrations are used, i.e., 0.05 (O) and 0.5 M (@)
in monomer units. The solid line is calculated using the kinetic parameters given for '3C in Figure 10a and a corrected ryy value of 1.76 A.
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Figure 12. (a) 13C(,) relaxation times at 22.63 (©) and 62.86 MHz (®). The solid lines are calculated assuming jumps between three equivalent sites
(Woessner’s model) and AH = 5.9 kcal mol~". (b) 'H relaxation data of (CH;)(2) protons at 250 MHz for 0.05 (O) and 0.5 M (@) solutions. The solid
line was computed from the kinetic parameters given in Figure 11a and with a corrected rup value of 1.735 A.

Table IV. Typical Set of Kinetic Parameters Used to Simulate the 'H and '3C Data of PHPG ¢

nucleus frequency, MHz model of motion W) W, W W\/Ws  r*um, A exptl T\, s caled Ty, s
'3Cg 22.63 C 8 X 108 48 % 10° 0 0.167 0.13 0.130
13C, 62.86 C 8 X 108 4.8 X 10° 0 0.167 0.23 0.230
THyg 250 C 8 X 108 48 X 10° 0 0.167 1.733 0.3 0.296
13¢C, 22.63 C 1.4 % 10° 7 X 108 0 2 0.19 0.196
3¢, 62.86 C 1.4 X 10° 7 X 108 0 2 0.27 0.272
'H7 250 C 1.4 X 10° 7% 108 0 2 1.740 0.28 0.281
13¢C, 22.63 A 3% 10° 0.48 0.486
13C, 62.86 A 3% 10° 0.54 0.538
'H, 250 A 3x10° 1.760 0.53 0.533
13¢C, 22.63 B 4.5%10° 4.5 % 10° 4.5%10° 1 0.99 0.994
13C, 62.86 B 4.5%10° 4.5 % 10° 4.5%10% 1 0.105 0.103
'H, 250 B 4.5%10° 4.5% 109 45X 10° 1 1.735 0.64 0.640
13C, 22.63 B 3x 109 3% 109 3 X 10° 1 0.15 0.150
13C, 62.86 B 3% 10° 3% 10° 3% 10° 1 0.15 0.151
TH, 250 B 3x 109 3x10° 3x10° 1 1.760 0.93 0.953

@ These values correspond to an effective 7g = 7.9 X 1079 s for the main chain. r*yy is the corrected distance between geminal protons.
For the diffusion model A, W, only is meaningful and corresponds to the rotational diffusion constant.
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Figure 13. (a) 13C; relaxation data at 22.63 (O) and 62.86 MHz (@). The solid lines are calculated assuming jumps between three equivalent sites
and AH = 6.0 kcal mol~!. (b) 'H relaxation data at 250 MHz of (CH2)3) protons for 0.05 (O) and 0.5 M (@) solutions. The solid line was calculated
from the kinetic parameters of Figure 12a. An effective ryy distance of 1.76 A was used to account for the vicinal dipolar contribution.

can be attributed to a solvation effect of the terminal hy-
droxymethyl group by water molecules which can strongly
affect the intrinsic mobility about the C,-C; bond relative to
C,-C,.

V. Conclusion

We have shown in this work that the dynamical behavior of
PHPG in aqueous solution is governed by fast segmental mo-
tion of the polymer backbone with effective correlation times
of the order of 5§ X 107!%5 at room temperature. The simple
diffusion model accounts for the experimental data only in a
very limited number of cases. This works confirms, moreover,
the adequacy of the model of reorientation by jumps. This
model was especially convenient to interpret the data of Cgand
C,. The internal rigid amide bond induces a large difference
in the dynamical behavior of the two side-chain fragments. The
overall reorientation of the hydroxypropyl group about N-C,
appears to be diffusional while the intrinsic motion of the
methylene groups occurs by jumping among three sites.

This work shows, moreover, that the unambiguous choice
of a motion model requires the use of several observation
frequencies on different nuclei. It also appears that the results
of 13C and 'H relaxation can be correlated with the rotational
isomerism as determined from the 'H coupling constants. Thus
the association of conventional NMR methods and of the nu-
clear relaxation allows a satisfactory description of the dy-
namical and conformational behavior of macromolecules.
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