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he spin temperature hypothesis was employed to describe the
ross-polarization (CP) dynamics between two abundant nuclei,
9F and 1H, when the number of fluorine atoms is not substantially
ess than the number of hydrogens. The influence of T1r’s of both
uclei and the relative magnitude (heat capacity) of the two spin
aths must be incorporated explicitly into the analysis in order to
erive values for the parameters involved in the CP dynamics.
umerical calculations were performed to clarify the difference in

he evolution of magnetization in variable contact time CP exper-
ments between the 1H 3 13C and 1H 3 19F cases. A new type of
P-drain experiment was developed for observing the residual 1H
agnetization after 1H 3 19F CP. 19F direct polarization magic-

ngle spinning (MAS), 1H3 19F CP, and 1H3 19F CP-drain MAS
MR spectra have been measured for a fluorinated polyimide,

FDA/ODA. The CP dynamics between 1H and 19F for the poly-
mide were analyzed on the basis of the spin thermodynamics
heory. The constant for polarization transfer (THF) was deter-

ined by the analysis using the effective CP parameters, which
ere directly obtained from the CP and CP-drain experiments,

ogether with independently measured values of T1r
H and

1r
F . © 1999 Academic Press

Key Words: cross-polarization dynamics; fluoropolymer; CP
AS; spin thermodynamics; abundant spin.

INTRODUCTION

High-speed magic-angle spinning and high-power de
ling techniques facilitate the measurement of high-resolu
olid-state19F NMR spectra for proton-containing fluoroo
anic compounds and fluoropolymers (1–9). The 100% natura
bundance, the large magnetogyric ratio, and the large c

cal shift range of this nucleus are great advantages fo
MR observation. In particular, it has been shown that1H 3

19F cross-polarization (CP) magic-angle spinning (MAS) N
an provide spectra with well-resolved peaks and no b
round signals in many cases. Such spectra have been us

1 To whom correspondence should be addressed. Fax:181-3-5734-2889
-mail: sando@polymer.titech.ac.jp.
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ropolymers (2–7).
Although the nature of heteronuclear polarization tran

etween two abundant nuclei (19F and 1H) should exhibi
ifferent characteristics from the conventional case of one
nd one abundant nucleus (e.g.,13C and 1H), the cross-polar

zation dynamics between19F and 1H and the relationship
etween relevant relaxation parameters have not been cla

n detail previously. In the case of1H3 13C CP, the relaxatio
f carbon and hydrogen magnetization is primarily chara

zed by 1/T1r
H because 1/T1r

C is generally much smaller tha
/T1r

H . This situation originates from the fact that the numbe
13C spins is much smaller than that of1H. In other words, ther
s no efficient direct relaxation path from13C to the lattice, an
he heat capacity of the13C spin bath is negligibly sma
owever, these assumptions should not be appropriate fo
ase of CP between two abundant nuclei. In the case of1H3

19F CP, the number of fluorines may be comparable to th
ydrogens in fluoroorganic compounds and fluoropolym
or example, the ratio of the number of fluorine spins to th
roton spins in one of the most important fluoropolym
oly(vinylidenefluoride), is 1. The high natural abundanc

19F often makesT1r
F of the same order ofT1r

H , which is much
horter thanT1r

C . In addition, the heat capacity of the19F spin
ath can be comparable to that of the1H spin bath. Moreove

he chemical distribution of the two atoms in compounds
e very similar because both are univalent.
There are a limited number of fluorinated polymers,
ost of them, such as polytetrafluoroethylene (PTFE), p

vinylidenefluoride) (PVDF), and poly(vinylfluoride) (PVF
xhibit semicrystallinity. The CP dynamics of those polym
re expected to be complicated because of the existen
ore than one19F resonance originating from the crystall
nd amorphous components, the frequent existence of
orphism, and variations in the regioregularity (head-to-h

ail-to-tail structures). The dispersion in the19F chemical shif
f each component often gives overlapping spectra, and e

ive spin diffusion between different groups and compon
akes it difficult to measure the inherent relaxation para
1090-7807/99 $30.00
Copyright © 1999 by Academic Press
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92 ANDO, HARRIS, AND REINSBERG
ers. However, several kinds of fluorinated polyimides
ave trifluoromethyl groups are known to be highly am
hous, and they have homogeneous molecular structur
articular case is polyimides derived from 2,2-bis(3,4-di
oxyphenyl)hexafluoropropane dianhydride (6FDA), wh
how high transparency in the visible and the near-infr
egion, as well as low dielectric constants, low refrac
ndices, and low water absorption—properties which m
hem of commercial interest (10–12). Since polyimides ar
sually synthesized from two source materials (diamine
ianhydride), one can control the nature of fluorine-contai
roups and the content of fluorine by choosing an approp
ombination of the materials. The polyimides derived fr
FDA can form ideal systems for investigating the cro
olarization dynamics between19F and1H spins. In this study
e clarify the characteristics of CP dynamics between19F and

1H on the basis of spin thermodynamics theory and deve
ethod for deducing true CP dynamics parameters from

urves and independently measured relaxation paramete
ng an amorphous fluorinated polyimide derived from 6FDA
n example. The specific polymer studied is a condens
roduct of 6FDA with 4,49-diaminodiphenylether (ODA). Th
tandard method for preparation is shown in Scheme 1.
aterial consists of one fluorine and one proton spin bath.

tudy should give a basis for analyzing the CP dynamic
emicrystalline fluorinated compounds and polymers ha
ore than one kind of fluorine.

THEORY

We employ a phenomenological spin thermodynamics
ry based on the spin temperature hypothesis to describ

SCHEME 1. The molecular structure of the fluorinated polyimide 6FD
DA and its mode of synthesis.
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ubject to Zeeman interactions with a magnetic fieldB0 (13–
5). It is assumed that H is an abundant nucleus, whereas
e an abundant or a rare nucleus. In addition, both spin
ssumed to have same spin quantum number (i.e.,1

2). It is
seful to consider the magnetizationM and the energyE of a
pin system, which are given by the expressions

M 5
\

kT
z
1

3
N z I ~I 1 1!g 2\ z B 5 b z C z B [1]

E 5 2
\

kT
z
1

3
N z I ~I 1 1!g 2\ z B2 5 2b z C z B2, [2]

hereT is a spin temperature,I the spin quantum number,N
he spin density (the number of spins in a unit volume), ag
he gyromagnetic ratio of the spins.C is the so-called Curi
onstant, andb, defined as\/kT, is an inverse spin temper
ure, which is proportional to the magnitude of the magne
ion when only the Zeeman interaction is considered. W
olarization transfer between two spin baths is discusse

erm of spin thermodynamics, the magnetization and ener
ach subsystem can be characterized by the value ofb. The H
nd X spin systems form spin baths (reservoirs) at inverse

emperaturesbH andbX that can be in contact with each oth
nd coupled with the lattice, which is suggested to hav

nfinitely high heat capacity atbL as depicted in Fig. 1. The ra
onstant for polarization transfer from the H to the X spin b
H3 X) is denoted by a time constantTHX, and that from th

to the H spin bath (X3 H) is indicated byTXH. Since the
olarization transfer inherently includes a coherent proce

wo-stage feature is frequently detected in the initial perio
ross polarization when there is a strongly coupled H–X

FIG. 1. Schematic representation of an abundant H spin bath a
abundant or rare X spin bath, which are spin-locked by RF irradiatio
coupled to the lattice as expressed by their spin–lattice relaxation times
rotating frame,T1r

H and T1r
X , respectively. The rates of polarization tran

between the two spin baths are represented by the cross-relaxation timTHX

(H 3 X) and TXH (X 3 H). b is the inverse spin temperature,N the densit
of spins,g the gyromagnetic ratio, andB1 the RF field for spin locking.
n

y
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93CP DYNAMICS BETWEEN ABUNDANT NUCLEI
ransfer between directly bonded H and X spins, which is
ause of dipolar oscillation, and then an equilibration of m
etization occurs within the H spin bath via homonuclear
iffusion. However, we assume thatb within each spin bath

mmediately equilibrated. Hence, we neglect here the os
ion of magnetization between H and X spins. In addition,
onsider only an experimental situation such that magic-a
pinning does not interfere with the CP process.
Assuming first-order kinetics and neglecting the relaxa

rocesses, the variations ofb under cross-polarization cond
ions can be described by the coupled differential equatio

d

dt
bX 5 2

1

THX
~bX 2 bH!

d

dt
bH 5 2

1

TXH
~bH 2 bX!. [3]

nder this condition, energy conservation in the rotating fr
as to be invoked:

dEX

dt
1

dEH

dt
5 0. [4]

his equation can be rewritten with the aid of Eq. [2] as

d

dt
bH 5 2e

d

dt
bX, [5]

heree is defined as

e 5
CXB1X

2

CHB1H
2 5

NX~gXB1X! 2

NH~gHB1H! 2 . [6]

1X and B1H are the spin-locking RF fields for X and
espectively. Thise becomes equal toNX/NH when the Hart
ann–Hahn (H–H) matching condition

gHB1H 5 gXB1X [7]

s achieved. The combination of Eq. [3] and Eq. [5] gives
elation

e

THX
5

1

TXH
. [8]

Under spin-lock conditions, the contact between each
ath and the lattice is characterized by spin–lattice relax

imes in the rotating frame,T1r
X andT1r

H . Hence, Eq. [3] can b
e
-
n

a-
e
le

n

e

e

in
n

and X spins as follows:

d

dt
bX 5 2

1

THX
~bX 2 bH! 2

1

T1r
X bX

d

dt
bH 5 2

e

THX
~bH 2 bX! 2

1

T1r
H bH. [9]

In the case of H3 X cross polarization, Eqs. [9] a
traightforwardly solved under the initial conditions, where
ontact timetCP 5 0;

bH 5 bH0 and bX 5 0, [10]

nd the contact time dependence ofbX can be expressed
13, 14)

SbX~t!

bH0
D

CP

5
1

a1 2 a2
H2expS2

a1

THX
tCPD 1 expS2

a2

THX
tCPDJ ,

[11]

here

a6 5 a0 6 Îa0
2 2 b [12]

ith

a0 5
1

2 S1 1 e 1
THX

T1r
H 1

THX

T1r
X D [13]

nd

b 5
THX

T1r
H S1 1

THX

T1r
X D 1 e

THX

T1r
X . [14]

n this study, we use this exact solution of Eq. [9] for desc
ng the CP dynamics between two spin baths. The ra
olarization transfer between H and X spins will always
xpressed in terms ofTHX.
On the other hand, the evolution of X spin magnetizatio
function oftCP during the H3 X CP experiment (which w
ill refer to as a CP curve) is frequently fitted by a doub
xponential function,

MX~t! 5 AH2expS2
tCP

T*HX
D 1 expS2

tCP

T*1r
DJ , [15]

hereT*HX andT*1r are effective parameters that characte
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94 ANDO, HARRIS, AND REINSBERG
tting parameter for the signal intensity. It is well known t
*HX andT*1r are analogous toTHX andT1r

H , respectively, whe
he following conditions are fulfilled: (1) X is a rare spin (e

5 13C, 15N, 29Si), (2) THX is considerably shorter thanT1r
H ,

nd (3)T1r
X is considerably longer thanT1r

H . We will refer to this
xtreme situation (e ! 1 andTHX ! T1r

H ! T1r
X ) as the ideal C

ondition. Since the magnetizationMX is proportional to th
nverse spin temperature,bX, Eq. [11] can be directly com
ared to Eq. [15]. The similar form of these equations una
ne to examine the relationship betweenT*HX, THX, T*1r, andT1r

H

y introducing two parameters,f 1 and f 2:

T*HX 5
THX

a1
5

THX

a0 1 Îa0
2 2 b

5 f1 z THX [16]

T*1r 5
THX

a2
5

1

a0 2 Îa0
2 2 b

THX

T1r
H z T1r

H 5 f2 z T1r
H . [17]

he values off 1 andf 2 can be calculated as functions of th
arameters, namelye, THX/T1r

H , and THX/T1r
X . At the ideal CP

ondition, f 1 and f 2 are unity (see below). Hence,f 1 and f 2

ndicate the degree of deviation of the CP dynamics conce
rom the ideal CP condition.

On the other hand, the contact time dependence ofbH can
lso be obtained by solving Eq. [9] under the same in
ondition, giving (18)

bH~tCP!

bH0
5

1

a1 2 a2
H2S1 1

THX

T1r
X 2 a1DexpS2

a1

THX
tCPD

1 S1 1
THX

T1r
X 2 a2DexpS2

a2

THX
tCPDJ . [18]

This corresponds to thetCP dependence of the residual
agnetization during the H3 X CP experiment (which w
ill refer to as a CP-drain curve). Equation [18] indicates

he residual proton magnetization decays with the same
onstants of2a1/THX and2a2/THX as for the increase in
agnetization expressed by Eq. [11]. The first of these

onstants relates to the decrease in H magnetization caus
he polarization transfer to X spins, and the second time
tant expresses the decrease caused by the relaxation
attice. Accordingly, at the ideal CP condition, the rates of
ormer and the latter processes are equal to 1/THX and 1/T1r

H .
WhenTHX is much smaller thanT1r

H andT1r
X , the coefficien

f the second term in Eq. [18] is expressed as

1

a1 2 a2
S1 1

THX

T1r
X 2 a2D 5

1

1 1 e
. [19]

his indicates that, when the spin–lattice relaxation is very s
t

s

ed

l

t
e

e
by

n-
the

e

,

he proportion of the residual magnetization in the H spin ba
he transferred magnetization to the X spin bath after CP is 11
). In particular, this term becomes unity at the ideal CP cond

Equation [18] can also be expressed in terms of effe
alues in the same way as Eq. [15]. The corresponding e
ion for fitting CP-drain curves is

MH~t!

MH0
5 ~1 2 B! z expS2

tCP

T*HX
D 1 B z expS2

tCP

T*1r
D . @20#

t should be noted that the magnitude of H magnetization
e normalized attCP 5 0, which is a distinguishing feature
P-drain curves. One may deduce additional information

he intensity of CP-drain curves, while only the shape of cu
slopes) can be examined for CP curves. At the idea
ondition, the decay of H magnetization is principally cha
erized by21/T1r

H becauseB 5 1/(1 1 e) is unity andT*1r 5

1r
H . WhenB takes a value between 0 and 1, this value is rel

o the proportion of the H magnetization that does not tran
o the X spin bath during H3 X CP. As described abov
hen THX is much smaller thanT1r

H and T1r
X , B can be deter

ined as the intercept of the slower decaying part of
P-drain curve, which represents the relaxation to the la

time constant5 21/T*1r), to tCP 5 0, and this value shou
e equal to 1/(11 e). A schematic diagram of the CP-dra
urve under this condition is shown in Fig. 2.

EXPERIMENTAL

ample

The fluorinated polyimide 6FDA/ODA used was prepare
ollows (see Scheme 1). A 10 wt%N-methylpyrolidinone

FIG. 2. A schematic diagram of H3 X CP and CP-drain curves whene
s not negligibly small, andTHX is much smaller thanT1r

H andT1r
X . The intercep

f the slower decaying part of CP-drain curve, which represents the rela
o the lattice (time constant5 21/T*1r), to tCP 5 0 is equal to 1/(11 e).
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95CP DYNAMICS BETWEEN ABUNDANT NUCLEI
ater from a syringe, and the precipitated polymer was dri
0°C for 1 h under nitrogen and then dehydrated (imidizedin
acuostepwise at 150°C for 1 h, 200°C for 1 h, and 250°C

h. The solution of poly(amic acid) was purchased f
ldrich Chemical Co. The completion of the imidization re

ion was confirmed by13C solution NMR (19). Deuterated
imethyl sulfoxide (DMSO-d6) was used as a solvent. Sin

he optical absorption (optical density) at 633 nm for a 12-mm-
hick film cured at 300°C was reported as 0.06 (10), this
olyimide exhibits high optical transparency in the vis
egion. This certifies the inherently amorphous nature of
olymer.

uclear Magnetic Resonance

Solid-state NMR experiments were carried out on a C
agnetics CMX-200 spectrometer operating at resonanc
uencies of 188.288 MHz for19F and 200.13 MHz for1H. A

1H–19F double-tuned APEX MAS probe capable of high-po
up to about 100 kHz) heteronuclear decoupling and equi
ith 4-mm-o.d. zirconia Pencil rotors was used. Vespel d

ips, spacers, and end caps have been utilized to dec
nwanted background signal on the fluorine channel, but
ignals are, in any cases, minimized by the use of c
olarization (2). In order to reduce the effect of inhomogene

n spin-locking fields, spacers 4 mm in length were adde
oth ends of the sample. Thus the actual sample was 3.

ong, in the rotor sleeve, and was spun at the magic angle
ate of 12 kHz. Experiments were carried out at ambient p
emperature (about 35°C).19F chemical shifts are quoted w
espect to the signal for CFCl3 and were measured via
eplacement sample of liquid C6F6 (dF 5 2163.8 ppm).1H
hemical shifts are quoted with respect to the resonan
etramethylsilane and were measured via replacement w
ample of poly(dimethylsiloxane) (dH 5 0 ppm).

19F and 1H MAS NMR spectra were recorded withp/2
ulses of 3ms duration. Relaxation delays of 4 s are long
nough compared with the19F and 1H spin–lattice relaxatio

imes in the laboratory frame (T1
H 5 0.8 s andT1

F 5 0.7 s) to
nsure quantitative peak intensities. The pulse sequenc

he standard variable contact time1H3 19F CP experiment an
he newly developed1H 3 19F CP-drain experiment (s
elow) are depicted in Fig. 3. The evolution of fluorine
roton magnetization was observed as a function of co

ime, tCP, under high-resolution conditions with high-power1H
nd 19F decoupling in the two experiments, respectively.
pin–lattice relaxation time in the rotating frame for the1H
pins (T1r

H ) and 19F spins (T1r
F ) were measured by the variab

pin-lock time experiments. The pulse sequences used ar
epicted in Fig. 3. The initial magnetization is generated by

rom the other nucleus with a short contact time (200ms) and
hen spin-locked for a variable spin-lock time,tSL. This se-
at

r
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ss
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a
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e
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P

uence can suppress the influence of the background
rom the probe, which is particularly strong in the1H channel
he RF field strength used for the spin lock of1H and19F spins
as equivalent to about 83 kHz.

RESULTS AND DISCUSSION

alculation of CP Dynamics

Figures 4a and 4b show the calculated CP and CP-
urves using Eqs. [11] and [18] fore 5 0.01 ande 5 1,
espectively. The values ofTHX andT1r

X were kept constant
.3 and 5.0 ms, and the relaxation parameters for the va
urves used were: (A)T1r

H 5 2 ms, (B)T1r
H 5 3 ms, (C)T1r

H 5
ms, (D)T1r

H 5 10 ms, and (E)T1r
H 5 20 ms. The value ofTHX

as chosen to be considerably smaller than those ofT1r
H and

1r
X , as is usual for1H 3 13C CP and1H 3 19F CP. Thes
urves are shown on a logarithmic scale in order to com
he slopes ofb. The e 5 0.01 case corresponds to1H 3 13C

FIG. 3. Pulse sequences for measuring parameters relevant to the
olarization (CP) dynamics between19F and1H. (a) Standard variable conta

ime CP, (b) variable contact time CP drain, and (c) a short contac
ollowed by a variable time spin lock.
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P, because the natural abundance of13C is 1%, and th
umber of carbons is, at most, of the same order as th
ydrogens. It is clearly shown that the increasing slope o
P curve is determined by 1/THX, and the decaying slopes

he CP curves in the region oftCP @ THX and those of th
P-drain curves over the entire experiment are princip
etermined by21/T1r

H . The influence of 1/T1r
X is negligible on

he CP curves, and no influence of H3 X polarization transfe
s observed in the CP-drain curves. This situation is m
ronounced in organic molecules and polymers becauseT1r

C is

FIG. 4. Evolution of the normalized inverse spin temperature (b) for X
nd H spin baths in the standard H3 X CP experiment for the cases of (a)e 5
.01 and (b)e 5 1. These curves were calculated according to Eq. [11] an

18] as a function of contact time,tCP. The values ofTHX, andT1r
F were kep

onstant at 0.3 and 5 ms, respectively, andT1r
H was varied as 2.0 (A), 3.0 (B

.0 (C), 10 (D), and 20 ms (E). The initial values forbH andbX are 1 and 0
espectively.
of
e

ly

e

irect relaxation path from13C to the lattice.
On the other hand,e 5 1 corresponds to a typical case

1H3 19F CP, because19F has 100% natural abundance, and
umber of fluorines may be comparable to that of hydroge
uororganic compounds and fluoropolymers. The CP and
rain curves shown in Fig. 4b exhibit significantly differ
ehavior from those in Fig. 4a (e 5 0.01). The CP-drai
urves, which consist of two decaying parts, obviously l
ike the complements of the respective CP curves. The
ecay in the region wheretCP is shorter than the 53 THX (1.5
s) is caused by the polarization transfer from H to X sp
nd the subsequent slow decay is caused by the relaxat

he lattice under the spin-lock condition. It should be noted
he rates of increase of X magnetization in the CP curves
he rates of decrease of H magnetization in the CP-drain c
re considerably faster than the relevant values of 1/THX (51/
XH in this case). These facts indicate that the effective ra

he polarization transfer can be faster than the true ra
/THX. In addition, the decaying slopes of the CP and CP-d
urves in the region oftCP @ THX take almost the same valu
nd are considerably different from the corresponding21/T1r

H

alues except for the case whenT1r
X 5 T1r

H . Compared with th
ituation for e 5 0.01, the decaying slopes are more ge
henT1r

H , T1r
X (A and B), but steeper whenT1r

H . T1r
X (D and

). These results clearly indicate that, when examining th
ynamics between two abundant spins, one must take e

tly into account the influence of the X spin bath on the H s
ath. When the number of X spins is not negligibly small, th

s no simple method for inferring the true values ofTHX andT1r
H

rom the T*HX and T*1r parameters that are directly obtain
rom the CP curve by the traditional procedures.

The general features of the CP dynamics between two a
ant spins can be described more precisely by examinin

actorsf 1 andf 2 that were defined in Eqs. [16] and [17]. Figu
a and 5b show the contour maps off 1 andf 2 calculated usin
q. [10] and Eq. [11] whene 5 0.01, corresponding to th

1H 3 13C CP case. These two factors are expressed as
ions of THX/T1r

H and THX/T1r
X . Figure 5a indicates that, wh

HX/T1r
H andTHX/T1r

X are both smaller than 0.1,T*1r andT*HX are
nalogous toT1r

H andTHX, respectively, within an error of 10%
his condition is commonly fulfilled in semicrystalline a
morphous polymers at temperatures lower thanTg. Moreover
*1r has a similar value toT1r

H in a wide region of the map
hese results support the use of the conventional metho

he analysis of CP dynamics as long as the conditions desc
bove are fulfilled, so thatT*1r andT*HX can be taken asT1r

H and
HX, respectively.
On the other hand, Figs. 6a and 6b show the contour ma

1 andf2 calculated whene 5 1, corresponding to many1H3 19F
P situations. These figures exhibit distinctly different feat

rom those in Fig. 5. Even whenTHX is one-hundredth ofT1r
H and

1r
X , the effectiveT*HX is only half of THX. This indicates that th

q.



e of
T be
s r
t f th
i t
C
s in
T d
f ig

n hat
t d by
( to
t ves in
F

A–E,
h nt
v the
p

re
e

97CP DYNAMICS BETWEEN ABUNDANT NUCLEI
ffective (“observed”)T*HX is much shorter than the true value
HX whene is not negligibly small. By using Eq. [16], it can
hown thatT*HX is equal to 1/(11 e)THX, whenTHX is much shorte
hanT1r

H andT1r
X . This corresponds to the fact that the rates o

nitial increase in the CP curve and the fast decrease in
P-drain curve were faster than the respective values ofTHX as
een in Fig. 4b. In addition,f2 is very sensitive to the variation
HX/T1r

H andTHX/T1r
X . This indicates that theT*1r value determine

rom the slope of the experimental decay in the CP curve m

FIG. 5. Contour maps of the two parametersf 1 (a) andf 2 (b) that were
xpressed as functions ofTHX/T1r

H andTHX/T1r
X . The limiting value off 1 at TH

FIG. 6. Contour maps of the two parametersf 1 (a) andf 2 (b) calculated
e
he

ht

ot be similar toT1r
H . This result can be explained by the fact t

he decaying slope of the CP curve is principally determine
1/T1r

H 1 1/T1r
X )/2, not by 1/T1r

H , whene 5 1. This corresponds
he fact that the decaying slopes of the CP and CP-drain cur
ig. 4b are considerably different from the relevant vales ofT1r

H .
The five sets of parameters that we considered above,

ave constant values ofTHX/T1r
X at 0.06, but they have differe

alues ofTHX/T1r
H at 0.15, 0.1, 0.06, 0.03, and 0.015. From

lots in Fig. 5 (e 5 0.01),f 1 is constant at 0.93 for A–E, butf 2

ulated according to Eq. [16] and Eq. [17] fore 5 0.01. These two factors a

1r
H 3 0 andTHX/T1r

X 3 0 is 1.0.

re 5 1. The limiting value off 1 at THX/T1r
H 3 0 andTHX/T1r

X 3 0 is 0.5.
calc

X/T
fo
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98 ANDO, HARRIS, AND REINSBERG
aries between 0.95 and 1.05. Anyway, it is understand
hat allf 1 andf 2 values are close to 1, which coincides with
esults obtained in Fig. 4a. In the case of1H3 13C CP,f 1 and
2 should usually be close to 1, becauseTHX/T1r

X is frequently
maller than 0.06. In contrast, the plots in Fig. 6 (e 5 1) show
hat the values off 1 for A–E are far from 1 and have only
mall variation (0.46–0.48). In addition, the values off 2 are
ensitive to the variation inTHX/T1r

X . It is larger than 1 for A an
but smaller than 1 for D and E. Only whenTHX/T1r

X 5THX/T1r
H

case C) doesf 2 become unity. The densely packed cont
ines in Fig. 6b suggest difficulties in determining the par
ters related to CP dynamics (THX, T1r

H , T1r
X ) from experimenta

P and CP-drain experiments by a simple method.

1H 3 19F CP Experiment

Figure 7 shows the1H 3 19F CP MAS spectrum of 6FDA
DA polyimide measured at a contact time (tCP) of 0.5 ms. The

FIG. 7. Solid-state1H 3 19F CP MAS spectrum of the 6FDA/ODA p
onditions: spin rate, 12 kHz; pulse duration, 3ms for a 90° pulse angle; c
pectral width, 200 kHz. Proton spins were decoupled by an irradiating
le

r
-

ulse sequence is shown in Fig. 3a. This polymer has 6 flu
toms in two trifluoromethyl groups and 14 hydrogen atom

our aromatic rings. One can consider that it comprises
uorine and one proton bath because all the fluorines
hemically equivalent, and all the aromatic hydrogens sh
e strongly coupled to each other by dipole–dipole inte

ions. Hence, the ratio ofNF/NH can be straightforward
alculated ase 5 6/145 0.43. A single peak is observed in t

19F spectrum atdF 5 260.9 ppm, though the half-height wid
f 1770 Hz is relatively large. The lineshape can be well fi
y a single Lorentzian function. Since the glass trans

emperature (Tg) of this polyimide was reported as 295°C (10),
ittle molecular motion is expected in the main chain at amb
robe temperature.
Equation [2] shows that the values ofe become equal t

F/NH only when the H–H condition is fulfilled, and soe
hould be sensitive to a mismatch of the H–H condition. Fi

imide measured under the Hartmann–Hahn condition. Spectrometer o
ct time, 0.5 ms; spin-lock RF field equivalent, 83 kHz; recycle delay, 4
field equivalent to about 75 kHz during acquisition.
oly
onta
RF
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99CP DYNAMICS BETWEEN ABUNDANT NUCLEI
shows a H–H matching profile measured by1H 3 19F CP
AS under the same conditions as above. The spin-lock

or fluorines was fixed at the equivalent of 83 kHz, and tha
rotons was varied. Although the signals obtained at the
ondition were weaker than those at the sidebands, th
ower in the proton channel was set to the centerband pr

he experiments. Figure 9 shows the evolution of the19F
agnetization obtained from the standard1H 3 19F CP MAS

pectra as a function oftCP (CP curve). This curve can be w
tted by Eq. [15] with two effective parameters,T*HF 5 0.13
s andT*1r 5 3.6 ms. No oscillations were observed in

nitial stage of this curve, as assumed in the theory devel
erein. This is because there are no strongly coupled H–F
airs in the molecular structure. The fact thatT*HF is much
maller thanT*1r (about 1/30) suggests thatTHF is also consid
rably smaller thanT1r

F and T1r
H ; nevertheless more prec

nalysis is needed.

1H 3 19F CP-Drain Experiment

The evolution of residual1H magnetization after1H 3 19F
P can be monitored by a newly developed CP-drain ex
ent (16). The pulse sequence is shown in Fig. 3b. The1H
agnetization is first generated by19F3 1H CP with a stan
ard contact time (1 ms). This initiating procedure has
dvantage of eliminating background1H signals from the
robe. After the CP, the magnetization is retained by

ocking for 3 ms. During this spin-lock time, the resid
uorine magnetization dephases completely. As a conditio
he successful use of this experiment, theT1r

H of the sample
hould be considerably longer than the spin-lock time. Su

FIG. 8. Hartmann–Hahn (H–H) matching profile of 6FDA/ODA m
ured by 1H 3 19F CP MAS under the same conditions as for Fig
ross-polarized intensity is plotted against1H RF field strength (expressed

1H).
ld
r
H
F

to

ed
in

ri-

e

in

or

e-

hus generated. The residual1H magnetization after the CP
bserved as a function of the contact time,tCP. During the
cquisition, the fluorine spins are decoupled by RF irradia
Figure 10 shows the1H 3 19F CP-drain MAS spectrum o

FDA/ODA polyimide withtCP 5 0.5 ms. The residual proto
ignal after1H 3 19F CP was successfully observed using
P-drain pulse sequence. A single peak is observed in
pectrum, whose half-height width of 1100 Hz is consider
maller than that of the19F spectrum. The lineshape can also
ell fitted by a single Lorentzian function. The distinct sp
ing sidebands originate from the residual dipolar interac

hat was not averaged out by the high-speed MAS of 12
ll the protons should have inherently similar1H chemica
hifts because they are directly bonded to the aromatic r
igure 11 shows the evolution of the1H magnetization ob

ained from the1H3 19F CP-drain MAS spectra as a functi
f tCP. Figure 11b is the expansion of the region oftCP , 1.6
s. This CP-drain curve can be well fitted by a dou
xponential function as expressed by Eq. [20]. No oscilla
as observed in the fast decaying stage. The effective pa
ters obtained areB 5 0.67,T*HF 5 0.13 ms, andT*1r 5 3.4
s. Owing to the large difference betweenT*HF andT*1r, these

wo components were clearly separated, as seen in Fig. 11
xpected from the theory (Eq. [11] and Eq. [18]), the decay
f the first step (tCP , 0.2 ms) of the residual proton magn

ization in the CP-drain curve (0.13 ms) coincides well w
hat of the initial increase in fluorine magnetization in

1H3 19F CP curve (0.13 ms). In addition, the decay rate o
econd step (tCP . 0.5 ms) in the CP-drain curve (3.4 ms)
lso analogous to the decay rate in the CP curve (3.6

FIG. 9. Contact time dependence of the19F signal intensity for th
standard1H 3 19F CP experiment on the fluorinated polyimide. The plot
be fitted to a conventional function (Eq. [15]) with effective parameters oT*HF

5 0.13 ms andT*1r 5 3.6 ms.
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100 ANDO, HARRIS, AND REINSBERG
hese results clearly indicate that the CP-drain experime
omplementary to the1H3 19F CP experiment. In addition, w
an calculate the value ofe from B using Eq. [20] by assumin
hat THF/T1r

H and THF/T1r
X are small (the validity of these a

umptions will be demonstrated below). The value ofe thus
btained (0.49) is close to that determined from the chem
tructure (NF/NH 5 0.43).

pin–Lattice Relaxation Time in the Rotating Frame

Figure 12 shows the relaxation behavior of the peak
erved in19F spectra by variable time spin-lock experime
he pulse sequence is shown in Fig. 3c. This decaying c
annot be fitted by a single-exponential function, but ca
ell fitted by a double-exponential function. According to
ouble-exponential fitting, the fast and slow decaying com
ents haveT1r

F values of 0.73 ms (content 63%) and 4.7

FIG. 10. Solid-state19F 3 1H CP-drain MAS spectrum of the 6FDA
equence of Fig. 3b. Spectrometer operating conditions are the same a
bout 83 kHz during acquisition.
is

al

-
.
ve
e

-

content 37%), respectively. This non-single-exponential
avior and the relatively shortT1r

F values may arise from th
eculiar structure of 6FDA. There are strong dipolar inte

ions between the fluorines in the CF3 group, whereas the fa
nd anisotropic rotation about C–CF3 bonds averages the i

eractions. In particular, a rapid three-site jump motion wo
ender the fluorines of a CF3 group equivalent, resulting in
ymmetry classification of the19F energy levels which in tur
ives rise to two different relaxation pathways. The situa

hat two CF3 groups interact with each other in the hexa
roisopropylidene (–C(CF3)2–) group complicates the interpr

ation. However, we use a singleT1r
F value of 1.8 ms, which i

btained from the single-exponential fitting, in the follow
nalyses because the twoT1r

F values differ by less than an ord
f magnitude. Figure 13 shows the relaxation behavior o
eak observed in1H spectra by a pulse sequence analogou

DA polyimide, measured under the Hartmann–Hahn condition with th
ose for Fig. 7. Fluorine spins were decoupled by an irradiating RF fieldlent to
/O
s th
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101CP DYNAMICS BETWEEN ABUNDANT NUCLEI
ig. 3c, where the H and F channels are interchanged
ecaying curve can be well fitted by a single-expone

unction, and theT1r
H thus obtained is 9.2 ms. Considering

igid main-chain structure of polyimide and the absenc
roton-containing motional groups, the single-exponentia
avior and the relatively longT1r

H are understandable.

nalysis of CP Dynamics in Polyimide

Figures 14a and 14b show the contour maps off 1 and f 2

alculated fore 5 0.43. This value is equal toNF/NH of the
hemical structure for the sample. The nucleus X is renam
in these figures. From the definition, the value off 2 can be

FIG. 11. (a) Contact time dependence of the1H signal intensity for the
H 3 19F CP-drain experiment on the fluorinated polyimide, and (b
agnification for short contact times to show the double-exponential beh
he plot can be fitted to a function (Eq. [20]) with effective parameters ofB 5
.67, T*HF 5 0.13 ms, andT*1r 5 3.4 ms.
he
l

f
e-

as

traightforwardly calculated from the measured values ofT*1r

nd T1r
H as 0.39. Hence, the coordinate, (THF/T1r

H ,THF/T1r
F ), of

his sample should be located on the contour line off 2 5 0.39
indicated by a thick line in Fig. 14). On the other hand, thf 1

f this sample is expected to be between 0.5 and 0.
onsideration of the values off 1 in Fig. 14a, becauseTHF

hould be smaller thanT1r
H andT1r

F for this sample. In particula
HF should be much smaller thanT1r

H because the former can
t most twice as large asT*HF (0.13 ms) from the expected val
f f 1, whereas the latter is 9.2 ms. By insertingT*HF (0.13 ms)

r.

FIG. 12. Spin-lock time dependence of the19F signal intensity of 6FDA
DA for 1H 3 19F CP followed by19F spin lock. The plot can be fitted by
ouble-exponential function withT1r

F 5 0.73 ms andT1r
F 5 4.7 ms. However

he averagedT1r
F value of 1.8 ms was used for the analysis.

FIG. 13. Spin-lock time dependence of the1H signal intensity of 6FDA
DA for 19F3 1H CP followed by1H spin lock. The plot can be fitted by
ingle-exponential function withT1r

H 5 9.2 ms.
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102 ANDO, HARRIS, AND REINSBERG
1r
F (1.8 ms),T1r

H (9.2 ms), ande (0.43) into Eq. [16],THF was
etermined to be 0.20 ms by solving the equation numeric
he coordinate in Fig. 14 can be straightforwardly calcul
s (THF/T1r

H ,THF/T1r
F ) 5 (0.02, 0.11).This point is just locate

n the contour line off 2 5 0.39 ascalculated fromT*1r and
1r
H . This indicates that the value ofTHF obtained is consiste
ith the effective CP parameters (T*HF andT*1r), which can be
irectly obtained from the CP and CP-drain curves, and

ndependently measured relaxation parameters (T1r
H andT1r

F ).

CONCLUSIONS

A phenomenological theory of spin thermodynamics was
loyed to describe CP dynamics between two abundant (H
pin baths. Characteristic features of evolutions of magnetiz
n H 3 X CP experiments were investigated from calculat
sing the exact solutions of the spin thermodynamics equa
he value ofTHF, which cannot be directly obtained from exp

mental results, was successfully determined for a fluorin
olyimide (6FDA/ODA) that consists of one fluorine and o
roton bath. The values of effective CP parameters, which
btainable from the CP experiments, together with the inde
ently measuredT1r

H andT1r
F data are used for the analysis. All

arameters relevant to the CP dynamics between F and H
howed reasonable consistency, within experimental error. H
t was theoretically and experimentally shown that the ass
ions which have usually been applied for systems consisti

FIG. 14. Contour maps of the two parametersf 1 (a) andf 2 (b) calculated

1 at THX/T1r
H 3 0 andTHX/T1r

F 3 0 is 0.70. The contour forf 2 5 0.39 isdra
0.02, 0.11) are consistent with the independently measured value off 2.
y.
d

e

-
X)
on
s
s.

d

re
n-

lei
ce,
p-
of

ne abundant and one rare type of spin (e.g.,13C and 1H) are
nappropriate for this case, and one has to incorporate exp
he twoT1r’s (T1r

F andT1r
H) and the relative magnitude of two sp

aths in order to understand CP dynamics between two abu
uclei. The spin thermodynamics theory based on the spin
erature hypothesis is an effective method for analyzing
ynamics between abundant nuclei despite its several assum
nd limitations.
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