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Cross-polarization for a fluoropolymer involving multiple spin baths

of abundant nuclei
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The thermodynamic theory of cross-polarization (CP) between one abundant and one rare spin is well
understood and widely applied. CP dynamics between several abundant spin baths has some inherent
complications that lead to misinterpretation of the CP rates and relaxation parameters if not properly
accounted for. A general thermodynamic description of CP dynamics involving up to six spin baths is developed
and implemented with MATLAB. The CP dynamics for a fluorinated polymer, (2-perfluorohexylethyl
acrylate)—styrene co-polymer, was analysed as a system with five spin baths—four '°F and one 'H. The CP
behaviour was successfully simulated above the glass-transition temperature. The CP rates and T,’s are
discussed in terms of the structure and dynamic behaviour of the polymer.

Introduction

Solid-state NMR spectroscopy of fluoropolymers presents a
situation where the nuclides involved, 'H and '°F, are iso-
topically abundant and possess strong magnetic moments. In
the more usual situation, when studying NMR of solid poly-
mers, one has one abundant strong nucleus and one rare weak
nucleus, namely proton and carbon, respectively. Thus, when
considering experiments involving two abundant strong spin
types, adjustments have to be made to both the experimental
design and the theoretical approaches.'™

The Larmor frequencies of 'F and 'H are 6% apart, so
modifications to the conventional probe circuit design are
required to isolate the two channels sufficiently at high powers.
This problem may be overcome in various ways, so that now
experiments such as {'"H}—""F and {’F}-'H cross-polarization
(observing '°F whilst decoupling '"H and vice versa) have
become routine.*> Before this was possible most NMR studies
of solid fluoropolymers were restricted to combined rotation
and multiple pulse spectroscopy (CRAMPS) and/or wide-line
spectra of perfluorinated materials.®

Many fluoropolymers are semicrystalline, i.e. they have both
crystalline and amorphous domains. NMR can be used to
study both, whilst X-ray diffraction methods are only suited to
examining the crystalline domains. Other physical methods do
not generally give information at the molecular level but rather
offer insight only into the bulk properties of the material.
NMR is extremely sensitive to subtle differences in local elec-
tronic environments. Thus separate signals for the crystalline
and amorphous domains can be obtained by the use of
appropriate pulse sequences.®

NMR can be used to study not only the chemical and
physical structure of solid polymers, but also dynamic pro-
cesses, such as main-chain and side-chain motions. Char-
acterising these processes can give valuable insight into the
bulk properties of these polymers. For example the ferro-
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electric, piezoelectric and pyroelectric properties of fluoro-
polymers are related to the existence of polar and non-polar
crystalline forms.” Studies of dynamics require measurements
of rotating frame, spin—spin, and spin—lattice relaxation times
over a wide temperature range.

Cross-polarization (CP) dynamics can provide valuable
information on both structure and dynamics.'®'®> However,
obtaining CP parameters in the (H,F) case is complicated since
the second nuclide now has to be considered as abundant and
possessing a strong magnetic moment. The CP curves still
resemble those of the abundant-rare spin case. However, the
parameters cannot be obtained directly from the curves. The
latter have to be characterized in terms of “effective” cross-
polarization and rotating-frame-relaxation rates. These para-
meters are related to the *“ true”” cross-polarization and rotating-
frame-relaxation rates in a complicated way. Thus, in general the
CP dynamics of systems containing multiple abundant nuclei
have to be simulated numerically in order to extract the ““true”
CP parameters. Analytical solutions exist only for the case of
two spin baths.>* Fluoropolymer systems often consist of sev-
eral spin baths, so that a general approach has to be devised to
study their CP dynamics. This arises because, under the magic-
angle spinning (MAS) conditions of the experiments, resonances
from non-equivalent fluorines are resolved and therefore the '°F
magnetization cannot be treated as homogeneous.

In this study a simple thermodynamic theory of CP is gene-
ralised to an arbitrary number of spin baths, and is applied to a
polymer system, —[CH(C¢Hs)CH,],—[CH,CH(C(=0)OC,H,4-
C¢F13)],—, referred to here by the abbreviation, copoly(I)
(see Scheme 1). This is essentially a random copolymer of
styrene and 2-perfluorohexylethyl acrylate. It has four resolved
lines in the '°F spectrum, and thus the 'H to '°F CP (and vice
versa) is suitable for a treatment involving five spin baths.

Recently, several poly(fluoroalkyl acrylate) and methacry-
late polymers have been developed, and their physico-chemical
and structural properties have been intensively studied.'* !¢
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These materials are transparent, have low surface tension and
low refractive index. These properties make them attractive
systems for industrial applications in, for instance, optical
fibres, moisture-proof coatings, and oil and water repellent
agents.'> Copolymers containing the monomers perfluoroalkyl
acrylate and styrene have been synthesized, and found to
exhibit properties that can be tuned through variation of the
chemical composition.'® In particular, styrene-rich copolymers
are completely amorphous and thus able to form transparent
films and thin layers by spin-coating or spraying solutions.

Theory

The phenomenological spin thermodynamics theory describing
cross-polarization between two abundant spin reservoirs based
on the spin temperature hypothesis is>* extended herein to an
arbitrary number of spin baths. All spins are subject to the
Zeeman interaction in a magnetic field By, are assumed to be
abundant, and have the same quantum number (i.e. 1/2). The
magnetization, M, and energy, E, for each spin-bath can be
expressed as:

hl

M= NI+ Dyh- By = - C- By (1)
E—— Iy usipn - —p.c B (2)
kT3 0 ’

where T is the spin temperature, I is the spin quantum num-
ber, N is the spin number density, 7 is the gyromagnetic ratio,
and C=NI(I + 1)}?2h/3 is the Curie constant. The property f,
defined as 7i/kT, is the inverse spin temperature. It is propor-
tional to the magnetization when only the Zeeman interaction
is considered in the high temperature approximation.

Take N isolated spin reservoirs with total energy

E:E1+E2+--~+EN. (3)

When the spins are isolated from the lattice, and relaxation is
ignored, energy is conserved, so
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Assuming that the exchange of spin energy between spin reser-
voirs obeys first-order kinetics, the CP dynamics is described
by the following set of differential equations

d 1 1 1 1
CE-f— EB+—EB+—FE+-+—E
de! +T11 1+T21 2+T31 3 +TN1 N
d 1 1 1 1
et B 4+—EB+—FE+-+—E
dr 2 +T12 1+T22 2+T32 3t +TNZ N
d 1 1 1 1
—Ey=4—FE +——FE+—FE;+- -+ —FE (5)
ds 3 +T13 1+T23 2+T33 3+ +TN3 N
d 1 1 1 1
Nt —E 4+ —FE4—FEi 4+ 4+—FE
de " +Tuv lJrTz/v 2JrT3N ot JrT/wv N

where 1/T;; describes the characteristic transfer time from the
ith to the jth reservoir.

Conservation of energy requires that the coefficients sum to
zero column-wise. In other words
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The forward and reverse rates are proportioned according to
their corresponding equilibrium energies, resulting in

A
— = =, = 7
Ty, Ty T3 T3 T\ Ty @

The equilibrium energies are given by eqn. (2), at some given
equilibrium spin temperature, T.q, and magnetic field, B, .
Under Hartman—Hahn matching conditions, where each spin
bath is irradiated according to y;B; =7,B,=---=yyBy, the
ratios of the equilibrium energies become

E [N+ D)yiBh]/Teq _ N1 _

g = = =D (8)
EY [Na(b(L+ 1)13Bh) /T N2
when I; =I,. Consequently
o Loas 1 aw 1 )
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d d d d Consideration of eqn. (9) and (6) means that the set of differen-
—E=—FE +—FE+---+—Ey=03 4 qn.
dt dr! + dr? tot de™ “) tial equations, eqn. (5), can be re-expressed as
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In matrix form, eqn. (10) is % E =M - E where the matrix M is given by:

r—... .1t _ ... ._ € £
To T Ty T
€ T SRS S 1
T T2 T Taw
1 1
Ty T3
L 1
L Tin Ton
Lattice Lattice
Lattice Lattice

Fig. 1 The model of five spin baths used to simulate the cross-
polarization dynamics of copoly(I). Each spin bath is characterized by
a relative population, ¢, and an inverse spin temperature, 3.

The polarization transfer between the spin baths during the
irradiation may be described in terms of their inverse spin
temperatures.” Spins in separate baths with inverse spin tem-
peratures, 8;, 8, etc., are in contact with each other and to the
lattice as seen in Fig. 1. The lattice is assumed to have an
infinite heat capacity, and thus stays at a constant inverse spin
temperature fii . The spin baths have comparable finite heat
capacities. Via eqn. (2), the set of differential equations, eqn.
(10), becomes, in terms of spin temperatures:

1

d

aﬁlz%[ﬁ =Bl + [ﬁ - B+ "+m[ﬁN—ﬁ1]

d
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(12)

Including relaxation in the rotating frame, the differential equa-
tions in eqn. (12) become, in matrix form, dQ (M'—R)-0Q,
where Q=[fa. Bs. fc.....fn]", Risa dlagonal matrix con-
taining the rotating-frame-relaxation rates, and M’ is the matrix:
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This system of equations can be solved as Q(t)=
[exp(M' — R)t]- Q(0), where exp(M’ — R) can be evaluated as
A" exp(D)-A, with D as the matrix of eigenvalues and A as
the matrix of eigenvectors.

Experimental

Preparation of copoly(I)

2-Perfluorohexylethyl acrylate was prepared by an esterifica-
tion reaction of acryloyl chloride and 2-perfluorohexylethanol;
Acryloyl chloride (35 mmol) was added dropwise to a solution
of 2-perfluorohexylethanol (27 mmol), triethylamine (54
mmol) and 2,6-di-tert-butyl-4-cresol (15 mg) in anhydrous
diethyl ether (200 ml) under an inert atmosphere at 0°C. After
stirring for 16 h at ambient temperature, the reaction mixture
was washed with 5% HCI, 5% NaHCO; and water. The
organic phase was dried over Na,SOy4, the solvent was
removed in vacuo and the liquid residue was distilled at
reduced pressure to give the monomer (yield 85%): bp 50°C
(0.2 mmHg). '"H NMR (CDCL): § 6.5 (d, 1H) (CH-cis), 6.2
(dd, 1H) (CH-gem), 5.8 (d, 1H) (CH-trans), 4.5 (t, 2H) (CHy—
00C), 2.5 (m, 2H) (CH,CF,).

The 2-perfluorohexylethyl acrylate and styrene copolymer,
copoly(I), was prepared by free radical polymerisation: A
solution of 2-perfluorohexylethyl acrylate (1.37 mmol), styrene
(4.06 mmol) and a,o-azobisisobutyronitrile (AIBN) (10 mg) in
anhydrous benzene (5 ml) was sealed in a Pyrex tube after de-
gassing by repeated freeze—thaw cycles. The polymerisation
was then conducted at 60 °C for 72 h. The crude product was
purified by precipitation from CHCl;-MeOH solutions; the
precipitated polymer was filtered and dried in vacuo (yield
72%). '"H NMR: (CDCl3) 6 7.5-6.4 ppm (broad signal, 3.5H)
(phenyl), 4.4-3.4 ppm (broad signal, 0.6H) (CH,-OOC), 2.5~
0.2 ppm (m, 3.6H) (CH,—CF, and CH, CH, of the polymeric
chain).

The copolymer is characterised by a composition of styrenic
units equal to 70%, M,=13.6x10° and M,/M,=1.6. It
shows a glass transition at 45°C. The average numbers of
styrenic and acrylic units, x and y, are 48 and 20 respectively,
based on the average molecular weight. Proton solution-state
NMR spectra were recorded at ambient temperature using a
Varian Gemini 200 MHz spectrometer. The chemical shifts are
reported with respect to the signal for tetramethylsilane
(TMS). The molar mass data were obtained by gel permeation
chromatography (GPC) on a Jasco PU-1580 chromatograph
with PL gel 5 mm MIXED-C columns connected in series. The
system has a Jasco 830-RI refractive index detector and a
Perkin-Elmer LC75 spectrophotometric detector. Polystyrene

3 G
T3 Toy
£13 £3 1

_T_I;_T_N ..... ﬂ ﬁ (13)

&N .o aw

Tsn T\ T + + Tn-1n

Phys. Chem. Chem. Phys., 2002, 4, 507-513 509


http://dx.doi.org/10.1039/b109046a

Published on 18 January 2002. Downloaded by Rensselaer Polytechnic Institute on 31/10/2014 12:33:43.

standards were used for the calibration. Differential scanning
calorimetry analyses were performed on a Mettler DCS 30
with a 10°C min~" heating rate.

Solid-state nuclear magnetic resonance

Solid-state NMR experiments were carried out on a Varian
Unity 300 spectrometer operating at 282.21 MHz for '°F and
299.96 MHz for 'H. A Doty Scientific XC (crossed coil) MAS
probe double-tuned to "H and '°F, capable of high-power
heteronuclear decoupling (ca. 80 kHz) and equipped with
silicon nitride 5 mm od rotors, was used. Vespel drive tips and
end caps were employed to suppress any unwanted back-
ground signal from the fluorine channel, which should be
minimal because of the use of '"H-'’F cross-polarization. To
reduce the effect of rf inhomogeneities over the sample, the
volume was restricted to 70 pl in an aurum rotor insert, which
was kept in place by the end caps using a PVC plug as a spacer.
Rotor speeds were kept in the 15 kHz range. Experiments were
performed at 45 and 75°C. Temperatures were calibrated
using the frequency separation between the two signals in the
proton spectrum of methanol. The '"’F chemical shifts are
quoted with respect to the signal of CFCl;, obtained indirectly
via the fluorine signal of C¢F¢ at —166.4 ppm. Proton chemical
shifts were directly referenced with respect to TMS at 0 ppm.

Fluorine-19 MAS NMR spectra were obtained using 3.6 ps
(n/2) pulses and recycle delays of 4 s (which are long with
respect to the T relaxation times of '°F and 'H). The pulse
sequences used for the variable contact time 'H— '°F CP
measurements, and for the variable spin-lock time measure-
ments of '°F and 'H T, are shown in Fig. 2, the rf power
remaining the same throughout the sequence in each channel.
In the CP experiment the contact time was varied and the
relevant integrated intensities were measured by deconvolu-
tion. The cross-polarization experiments were done by

F cP
H § CP Decoupling

T Contact time Acquisition time

F [5|cP CP

\ L)

H |cp| Spinlock |CP| Dec.

T CT Relaxation period CT Acq.

F | cP| SpinLock

t

H ;“ CP Decoupling

T CT Relaxation period Acquisition time

Fig. 2 Pulse sequences used for variable contact time {'H}—'°F cross-
polarization (top), '’F detected 'H rotating-frame-relaxation time
(middle), and "F rotating-frame-relaxation time measurements (bot-
tom).
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matching on the centre-band. The rotating-frame-relaxation
time measurements start by creating either a proton or a
fluorine magnetization via CP, which in turn is locked in the
rotating frame for a variable time. Both methods employ
fluorine detection. Thus T;, for "H requires a final CP step to
F with a fixed contact time.

Simulation of CP dynamics

The theory of CP dynamics involving five spin baths was
implemented in the MATLAB programming environment.
The calculations were based on the model shown in Fig. 1.
Each '°F spin bath is characterized with a population relative
to the single proton bath, an inverse spin temperature, a
rotating-frame spin-lattice relaxation time, a cross-polariza-
tion rate with the proton spin bath, and spin-diffusion rates
with the other fluorine spin baths. The only other variables
were the 'H rotating-frame relaxation-time and initial spin
temperature. The '"Hand PF 1 , values, separately measured,
were used as constraints while the CP rates were optimised
using a multi-parameter non-linear least-squares optimisation
routine based on the Levenberg—Marquardt algorithm.'” Since
no dipolar oscillations were observed in the CP curves no
attempt was made to include them in the simulation.'

Results

The {'H}-'°F CPMAS NMR spectrum of copoly(I) is shown
in Fig. 3. Four centre band resonances can be observed, at
chemical shifts of —82.6, —114.1, —123.1 and — 127.0 ppm,
though the last three are not fully resolved. The corresponding
full widths at half height are 550, 1340, 1030, and 610 Hz
respectively. The assignments are indicated in Fig. 3. The band
at —123.1 ppm contains the unresolved resonances from the
YF nuclei of the three central CF, groups, which will be
treated as forming a single spin bath. T;, data for both F and
"H nuclei are tabulated in Table 1. The spectra of the 'H-'°F
CP arrays were deconvolved, giving separate CP curves for the
four "’F spin baths. The resulting CP curves are shown in

CF.
~_Ch, T CF
CF2 CFZ CF3
A 4
-GIO -8I0 -1(I)0 -150 -1£I10

& (ppm)

Fig. 3 282 MHz "F MAS spectrum of copoly(I) at 348 K. The as-
signment to the side-chain fluorines is indicated above.
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Table 1 Rotating-frame relaxation times of '’F and 'H nuclei (in
both cases fluorine-detected) in copoly(I) above the glass transition
at 348 K

~CH,CF,~ -CF, CF,CF,- -CF,CF;  —CF;

Ty, (F)/(ms) 198 1.74 1.46 6.03
St. Dev./(ms)  0.06 0.04 0.10 0.04
T, (H)/(ms)  2.89 2.95 271 2.67
St. Dev./(ms)  0.04 0.10 0.03 0.07

CH,CF, CF, Internal
0.8

0.6
0.4
0.2

0.0
1.0

a-CF, CF,
0.8

Normalized Signal Intensity

0.6

04

0.2

0.0

0 2 4 6 8 101214 16 18200 2 4 6 8 10 12 14 16 18 20
Time (ms)

Fig. 4 Experimental and simulated cross-polarization curves of co-
poly(I). The integral of each fluorine signal is plotted as a function of
contact time. The type of fluorine environment is indicated in the top
right-hand corner. The circles represent the data, the lines are the re-
sults of the CP simulations.

Fig. 4. The simulated (fitted) curves are also to be seen in Fig. 4.
Table 2 gives the population data for the spin baths arising
from the calculations and the cross-polarization rates (with
standard deviations). The ""F-'"°F spin-diffusion rates are
tabulated in Table 3. Fig. 5 summarises the CP parameters
schematically. Table 4 shows the statistical correlation between
the CP rates and the "’F-'°F spin-diffusion rates.

Discussion

The copoly(I) resonances of CF3, a-CF,, and CF,(internal)
are very similar to their counterparts in n-perfluoroeicosane,
which have chemical shifts of —84, — 123, and — 128 ppm,

Table 2 Epsilon values,” spin bath populations and cross-polarization
time constants between the proton and fluorine spin baths

~CH,CF,~ —CF, CF,.CF~ —CF,CF; —CF;

€ 0.060 0.097 0.071 0.092
St. Dev. 0.001 0.001 0.001 0.001
Pop. (%) 4.5 73 5.4 7.0
Forward’/(ms)  3.87 8.36 9.56 10.27
St. Dev. 0.02 0.07 0.04 0.03
Reverse‘/(ms) 0.230 0.806 0.681 0.949
St. Dev. 0.001 0.007 0.003 0.003

@ g=effective ratio of fluorine spins to proton spins. ” Forward
process implies CP from the proton to the fluorine spin bath indica-
ted. ¢ Reverse process implies CP from the indicated fluorine to the
proton spin bath. The forward and reverse values are related by ¢ as
in eqn. (9).

View Article Online

Table 3 Spin-diffusion times between the fluorine spin baths

7CH2C£27 7CEZ CEzcEzf 7C£2CF3 *CE_;

—CH,CF,— XXXXXX? 0.154 XXXXXX XXXXXX
Std. Dev. XXXXXX 0.003 XXXXXX XXXXXX
~CF, CF,CF,— 0.250" XXXXXX 1.122 XXXXXX
Std. Dev. 0.005 XXXXXX 0.040 XXXXXX
—CF,CF; XXXXXX 1.346 XXXXXX 2.159
Std. Dev. XXXXXX 0.050 XXXXXX 0.080
—CF; XXXXXX XXXXXX 1.658 XXXXXX
Std. Dev. XXXXXX XXXXXX 0.060 XXXXXX

“ The crosses indicate that these spin-diffusion rates were not included
in the simulation. ® All values are given in ms.

respectively.18 The remaining -CH,CF,— resonance, at — 114.1
ppm, has no analogue in n-perfluoroeicosane. This resonance
is comparable to the defect peaks in poly(vinylidene difluoride)
(PVDF) occurring at — 113.9 and — 116.2 ppm.'? It falls near
the range of the CF, (tail, T) resonances in Viton adjacent to a
CH, (head, H). These are the THTTX resonances, in the range
of —108 to — 112 ppm'® and THTTH, THTHH and HTTXH
at —114.3, — 114.3 and — 118.1 ppm, respectively.

The rotating-frame spin—lattice relaxation times of the pro-
tons, measured via '°F resonances, are the same within
experimental error from every fluorine environment (see Table
1). This fact suggests that spin diffusion amongst the protons
is efficient, despite the elevated temperature and considerable
MAS spin rate, ca. 15 kHz. The rotating-frame spin-lattice
relaxation times of the fluorine peaks exhibit more differ-
entiation, ranging from 1.49 ms for o-CF, to 6.03 ms for CF3,
suggesting that spin diffusion is not very efficient, which is
largely due to the high resolution in the '°F spectrum. The long
value for CF; is at least in part the result of rapid internal
rotation about the relevant C—C bond. Assuming rapid rota-
tion with respect to side-chain and backbone motion and that
relaxation is dominated by the contribution arising from
dipole— dipole interactions, the correlation time is reduced by a
factor (3 cos> 4— 1)/4. The angle 4 is that between the rotation
axis and the F-F vector, which is 90° for a CF; group,
resulting in a scaling factor of 1/4. Since there are two possible
F-F interactions in a CF; and only one in CF, groups, their
rotating-frame relaxation times are expected to have a ratio,

Fig. 5 The experimental cross-polarization and rotating-frame-
relaxation times of copoly(I) indicated in the five-spin-bath model. The
spin-bath populations are also given (in %) for each bath.
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Table 4 Correlation coefficients between the CP dynamics parameters
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*CHzcng *CEzcgzcng *CEQCF_} *CE} *CHzcng *CEQ CEzcEzf
H H H H ~CF,F,CF,- ~CF,CF;
~CF,CF,CF,- ~0.82 1
H
—CF,CF3 —0.03 0.02
H
~CF3 —0.48 0.02 —0.29 1
H
—CH,CF>- 0.69 —0.93 —0.04 —0.01 1
_CEZ CEzcEz—
—CF, CF,CF,~ 0.22 —-0.20 —0.05 —0.05 0.16 1
~CFACF;
—CF,CF3 0.06 —0.03 0.35 —0.78 0.02 0.05
*CF3
T, ,(CF3)/ T, ,(CF,) of approximately 2. In the present case this Conclusions

ratio is larger, ranging between 3 and 4, suggesting that the
CF; fluorines are more isolated than those in CF,.

Values of T;,(F) measured for Viton are shorter than for
copoly(I). However, the Viton measurements were taken at 200
MHz, at 297 K. They possibly indicate that the motion in the
Viton main chains is more restricted than for the copoly(I) side
chains. For copoly(I) in all cases, except for CF5, the '°F values
are shorter than T;,(H). Similar trends were seen for the Viton
Ty, data of "H and "F. The T, ,(F) and T ,(H) of copoly(I) are
very similar to those of the major component of the amorphous
signal of PVDF (2.9 ms and 5.8 ms respectively'?).

The analysis of the CP dynamics was done by using the T,
data for fluorine and proton as constraints to minimize the
number of parameters to be optimised. As mentioned pre-
viously, this system is treated as a five-spin-bath problem,
whilst strictly speaking there are more baths. Separate mea-
surements for three CF, baths were not possible since the
resolution was inadequate. As a result, these had to be treated
as a single CF, bath, referred to as the “internal”” CF,’s. Thus
an effective CP rate and relative population had to be used for
the “internal” CF, spin bath. Consequently the relative
populations of the “internal” CF, do not reflect the stoi-
chiometry of the system properly, being considerably smaller
than would be expected. The relative populations of the
remaining fluorine spin baths do reflect the stoichiometry of
the system, within the uncertainties that can be expected from
the deconvolution analysis.

The cross-polarization rates from the proton to the fluorine
spin baths reflect the structure of the fluoroalkyl chain. The CP
rate from H to CH,CF is the most rapid at 258 s~!. This
decreases to 120 s~! for the internal CF, groups and to 97 s~
for the CF5. The slower CP rate of the CF; is in part due to the
weakening of dipolar interactions between the protons and the
CF; arising from rapid rotation about the C—-CF; bond.

Finite spin-diffusion rates between the fluorine spin baths
were required to get reasonable agreement with the experi-
mental data. However, these rates were highly correlated to the
cross-polarization rates, as seen in Table 4. Moreover, to obtain
statistically independent values for both the spin-diffusion and
cross-polarization rates, additional experimental information is
required (e.g. from inversion-recovery CP'*?%). In addition,
Lee—Goldberg cross-polarization could be used to suppress
proton—proton spin diffusion, which perhaps contributes to the
fluorine spin-diffusion terms, through a three-stage transfer
from F to H, proton spin diffusion, and finally from H back to
F. Future work will concentrate on this aspect, since, ideally,
the contributions from terms related to fluorine spin diffusion
have to be removed in order to evaluate the “true” CP rates.
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The theory of cross-polarization dynamics involving multiple
(more than two) spin baths has been generalized using the spin-
temperature concept. It was implemented in the MATLAB
environment for up to six spin baths. The cross-polarization
dynamics for a fluoropolymer, copoly(I), was studied as a five-
spin-bath problem. Separate CP rates and T, values were
obtained for each bath. The CP rates from the proton bath to the
fluorine baths reflect the side-chain structure. The T;,’s of the
proton bath measured via the fluorine signals show little differ-
entiation, indicating rapid 'H spin diffusion. Those of the
fluorine baths show significant variation, and are comparable to
those of PVDF. The long value for the CF; fluorines is attributed
to rapid rotation about the C—CF; bond and isolation from
other fluorines. The cross-polarization rates and the fluorine
spin-diffusion rates show significant statistical correlation.
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