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ABSTRACT: ?H NMR relaxation measurements were used in an extensive study of chain mobility in poly-
(amido amine) (PAMAM) dendrimers as a function of molecular weight and position along the chain. For
*H labels in the terminal generation, the spin-lattice relaxation times (7)) were found to decrease as the
number of chain termini increased from 3 (T; = 30 = 3 ms, at 46.0 MHz) to 384 (T, = 7.6 + 0.7 ms, at 46.0
MHz) and were smaller than the T observed when the polymers were labeled in the interior. The values
of T; determined at lower field strength (4.7 T) were lower than those at higher field strength (7.05 T). By
using the spin—spin relaxzation time (7%) as a second variable, consistent correlation times (r) were obtained
at the two field strengths upon application of Schaefer’s log x? distribution function. No dependence of 7
on position along the chain was observed when the label was located in the interior repeating units of PAMAM
dendrimers of constant molecular weight. No evidence of radial gradients was found. The data are interpreted
in terms of alternative theoretical treatments of dendritic macromolecules.

Introduction

Inthe preceding paper in this issue, we described a series
of 3C NMR relaxation measurements on poly(amido
amine) (PAMAM) dendrimers.! The salient conclusions
from that work were two: first, that there is no anomalous
suppression of chain-end mobility that would suggest the
onset of dense packing of functional groups at the mo-
lecular “surface”, and second, that the average correlation
time (7) increases markedly with molecular size at interior
chain positions. The latter observation we ascribe to
increasing segment density in the molecular interior, a
prediction of the simulation of dendritic growth reported
by Lescanec and Muthukumar.2 Nevertheless, detailed
interpretation of these resuits, particularly with respect
to relaxation at interior sites, is rendered difficult by the
fact that resonances from all interior carbons are over-
lapped. It is therefore impossible to distinguish the
relaxation behavior of sites buried deeply in the “core” of
the dendritic molecule from that of interior sites near the
“surface”. In particular, we were unable to explore the
possibility that interesting radial gradients in mobility
exist in dendritic macromolecules.

We describe in the present paper a series of ZH NMR
relaxation measurements on specifically labeled PAMAM
dendrimers. As shown in Scheme I, the standard PA-
MAM synthesis!? was modified by the use of methyl-3,8-
d; acrylate in one—and only one—growth cycle.* This
provides for deuterium labeling at a single radial position®
and allows mapping of relaxation properties as a function
of molecular location. In addition, the mechanism of
relaxation is well understood for deuterium, and relaxation
rates are insensitive to interatomic distances.® Interpre-
tation of relaxation data in terms of the dynamic properties
of the chain is thus relatively straightforward.

Scheme I illustrates the nomenclature used to describe
the selectively deuterated PAMAM dendrimers. Molec-
ular size is specified as G, where n is the total number of
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Scheme I
Synthesis of ZH-Labeled Dendritic Macromolecules
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growth cycles, or generations, and the site of deuteration
is specified by D,,, where 2H has been introduced in the
mth growth cycle. A 5-generation PAMAM labeled in the
fourth generation is thus designated GsDy, as shown in
Scheme 1.

Measurements have been carried out on a series of
amine-terminated PAMAM of sizes ranging from gener-
ation 0 to generation 7. In all, 30 selectively labeled
polymers were examined, as summarized in Table I.
Within this set, one can examine relaxation behavior (i)
as a function of radial position? for dendritic molecules of
a fixed size (by proceeding horizontally in Table I) or (ii)
as a function of molecular size, at radial positions fixed
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Table I
Selectively Deuterated PAMAM Samples

molecular size labeled generation
(generations) 0 1 2 3 4 5 6 7

GoDo

G;Dy GiD,

GoDo G2Dy GgDo

GsDo G3Dy GsDe GsDs

GdDy GD; GD: GyD3 G4D4

a GsD; GsD2 GsD3 GsDs GsDs

a a GeD2 GeD3 GeDs GeDs GeDs

a a a G7Da G7D4 G7D5 G7Ds G7D7

¢ The concentration of 2H due to the 0.015% natural abundance
is comparable to that present due to the selective labeling in these
samples. Hence, nodetermination of changes in mobility with radial
position was possible.
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with respect to either the “core” (by proceeding vertically)
or the “surface” (by proceeding diagonally). The results
of these experiments are described below.

Experimental Section

Materials. Sources and purification of materials were de-
scribed previously, as were the methods used to prepare and
characterize the dendritic PAMAM samples.!

Preparations. Methyl-3,8-d: Acrylate (d,-MA). The syn-
thesis of the d,-MA used in this work was carried out in a manner
similar to that reported by Nugent and McKinney.2 To a 300-
mL three-neck flask were added 104 g (0.032 mol) of methyl
(triphenylphosphoranylidene)acetate, 50 mg of hydroquinone,
and 10g (0.031 mol) of paraformaldehyde-ds. The reaction vessel
was flushed with N;, and the escaping gas was passed through
adry ice trap. Dibutyl phthalate (100 mL) was cannulated into
the reaction vessel. The mixture was heated to 80 °C for 2 h
before raising the temperature to 110 °C for 30 min. The reaction
was allowed to cool to room temperature. The reaction vessel
was connected to a vacuum pump, and the remaining d,-MA was
collected in the dry ice trap. Gas chromatography-mass spec-
trometry indicated the isotopic purity of the acrylate to be >99%.
13C NMR (75 MHz, CDCly): 51,128, 131 (quintet), and 167 ppm.

Measurements. H NMR spectra were obtained on Varian
XL-300 and Bruker AC-200 spectrometers operating at 46.0 and
30.7 MHz, respectively. All of the spin-lattice relaxation time
(T)) measurements were performed using the standard inversion-
recovery method with a pulse sequence 180°-variable delay-
90°-acquistion—fixed delay. The temperature inside the probe
was maintained at 25 & 0.2 °C by passing a steady flow of air over
the sample. The concentration of polymer in H;O was approx-
imately 3% in all cases. Choices of delay times and actual T,
calculations were performed using standard commands (DOT1
and T1(all)) contained within the standard Varian VXR version
4.1 software package.

Results and Discussion

?H spin-lattice relaxation times (7T';) and spin—spin
relaxation times (72) were measured for each of the
polymers listed in Table I. A typical experiment from
which the relaxation parameters were calculated as shown
in Figure 1. T, was determined from the peak heights
observed at the delay times indicated, and T, was
calculated from the signal width at half-height (W)
according to®

T,=1/2zW 1)

Figures 2 and 3illustrate the dependence of the relaxation
times on molecular size and radial position. Inspection of
these figures shows that (i) T} and T for nuclei located
in the terminal generation decrease with increasing mo-
lecular weight, (ii) relaxation times observed for PAMAM
dendrimers labeled in the terminal generation are larger
than those observed when the deuterium is further from
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Figure 1. Aninversion-recovery experiment from which the 2H
T, was calculated for a G,Dy PAMAM (46 MHz, H,;0, 25 °C).
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Figure 2. Dependence of T; on molecular size for dendritic PA-
MAM polymers (46 MHz, D;0, 25 °C): @) m=n;(A)m=n
-~-L@m=n-2,@m=n-3,0O)m=n-4.

the ends of the chain, and (iii) for interior labeling sites,
relaxation rates are independent of the location of the
label.

The relaxation times were converted to correlation times
(r) by employing Schaefer’s log x? distribution. By
assuming isotropic motion and a distribution of 7 to
describe the segmental motion of long chains, Schaefer®
showed that

UT, = %,0h 22 qQ/h I (wp) + 4J2wp)] (D)
and
1T, =/ 4(2qQ/R)*(3J(0) + 5J(wg) + 2J(2w))]  (3)
where

F(s){b* -1} ds

Rl et sy
where
s=log, [1+ (b-1)ry7] (5)
and
F(s) = PT(P)*(P*)P! exp(-Ps) (6)

Here, I'(P) represents the gamma function, b, P, and 7 are
chosen to fit the data, 7, is defined to be a correlation time
proportional to 7, w is the 2H resonance frequency, h is
Planck’s constant, and e2¢gQ/h is the quadrupolar coupling
constant. Itisgenerally agreed that b and P, which control
the width of the distribution of 7, are not totally inde-
pendent and the model is essentially a pseudo-two-
parameter model.1011
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Figure 3. Dependence of T; on molecular size for dendritic PA-
MAM polymers (46 MHz, D;0, 25 °C). Symbols as in Figure 2.
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Figure 4. Dependence of 7 on molecular size for dendritic PA-
MAM polymers (46 MHz, D,0, 25 °C). Symbols as in Figure 2.

The quadrupolar coupling constant necessary for the
implementation of Schaefer’s equation was determined
by substituting the values of T’ cu, and T'; 2y determined
for a generation 0 PAMAM dendrimer (T 24 was deter-
mined for a GoDy polymer) into eq 7

1/ Tl,cﬂz _ 2Oh47“2702r'°N
YTy 3r'(e%qQ)*

where vy and yc are the gyromagnetic ratios of 'H and
13C, respectively, r is the C-H internuclear distance, and
N is the number of H directly bonded to the 13C nucleus
of interest. A value of 170 kHz was obtained. Correlation
times were calculated by assuming b = 1000 in eq 4 and
fitting P and 7 to the T, and T values obtained at 46.0
MHz, making certain that the calculated values of P and
r yielded values of T, and T; at 30.7 MHz that fell within
the error of the experimentally determined values. Inevery
case, the values of 7 calculated from the 2H relaxation
data are in good agreement with those calculated from the
13C relaxation data.! This supports the applicability of
Schaefer’s model to the PAMAM system and indicates
that the quadrupolar coupling constant employed is correct
and that the calculated 7 is independent of the frequency
of the measurement.

The calculated values of 7 are plotted in Figure 4 as a
function of the molecular size of the PAMAM and the
generation labeled. As in the preceding figures, the data
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are linked according to the radial position of the label
with respect to the molecular “surface”; i.e., data from
terminal labels are linked, as are results from labels in the
penultimate (n — 1) generation, the n - 2 generation, and
so on. In general, the results indicate a slowing of mo-
lecular motion with increasing molecular size. Chain
motion is most rapid near the terminus and slower in the
molecular interior. The apparent discrepancy between
the correlation times reported here for the terminal
generation and those calculated from the 13C relaxation
data of the preceding paper! can be reconciled on the basis
of the difference in the location of the observed nucleus;
the site of deuteration in the terminal generation is in fact
five bonds removed from the chain end, and direct
comparison with the correlation time of the terminal
carbon is unwarranted. For the interior sites, the agree-
ment with the 13C results is striking, as noted above.

The most important conclusion to be drawn from Figure
4 is that 2H relaxation measurements provide no evidence
for significant radial gradients in segmental mobility within
theinterior of the dendritic macromolecule. Examination
of the results for the 7-generation polymers, for example,
shows no systematic variation in 7 with radial position.
Segmental motion is slower in the interior than at the
molecular “surface”, but all interior chain positions appear
to be characterized by similar correlation times.

Concluding Remarks. The measurements reported
herein are fully consistent with the results of the 13C
relaxation measurements reported in the preceding paper.
In each case, the results suggest (i) segmental motion is
most rapid at the chain terminus and slower at interior
sites and (ii) the average correlation time used to describe
segmental motion increases with molecular size but shows
no anomaly suggestive of steric suppression of chain
dynamics.

In the preceding paper, these results were interpreted
on the basis of the simulation of dendritic growth reported
by Lescanec and Muthukumar,? which predicts a mono-
tonic decrease of segment density with radial distance!?
from the topological center of the dendritic molecule. We
proposed that the relatively large, molecular size depend-
ent segment density in the interior might account for the
observed increase in 7 with molecular weight. This
argument must now be reconciled with the observation
that segmental motions at radial positions differing by
three generations are characterized by virtually identical
correlation times. We believe this also to be consistent
with the results of the Lescanec~-Muthukumar treatment
in that the simulation indicates significant radial “smear-
ing” of successive generations. If segment density is in
fact an important determinant of 7, as we propose, then
spatial intermixing of neighboring chain units would serve
to flatten any radial gradient in segmental mobility.
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