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The phenomenological theory of spin thermodynamics based on
the spin temperature hypothesis was employed to describe the
cross-polarization (CP) dynamics between two abundant nuclei,
F and "H, when the number of fluorine atoms is not substantially
less than the number of hydrogens. The influence of T,,’s of both
nuclei and the relative magnitude (heat capacity) of the two spin
baths must be incorporated explicitly into the analysis in order to
derive values for the parameters involved in the CP dynamics.
Numerical calculations were performed to clarify the difference in
the evolution of magnetization in variable contact time CP exper-
iments between the '*H — **C and 'H — F cases. A new type of
CP-drain experiment was developed for observing the residual 'H
magnetization after '"H — F CP. F direct polarization magic-
angle spinning (MAS), ‘H — *F CP, and *H — **F CP-drain MAS
NMR spectra have been measured for a fluorinated polyimide,
6FDA/ODA. The CP dynamics between 'H and °F for the poly-
imide were analyzed on the basis of the spin thermodynamics
theory. The constant for polarization transfer (T,:) was deter-
mined by the analysis using the effective CP parameters, which
were directly obtained from the CP and CP-drain experiments,
together with independently measured values of Ti, and
TIF,,. © 1999 Academic Press

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

INTRODUCTION

analyzing chemical structures and phase structures of fl
oropolymers 2-7).

Although the nature of heteronuclear polarization transfe
between two abundant nuclei’f and '*H) should exhibit
different characteristics from the conventional case of one ra
and one abundant nucleus (e.§G and'H), the cross-polar-
ization dynamics betweelfF and 'H and the relationships
between relevant relaxation parameters have not been clarif
in detail previously. In the case Gff — *C CP, the relaxation
of carbon and hydrogen magnetization is primarily characte
ized by 17}, because 5, is generally much smaller than
1/TTP. This situation originates from the fact that the number c
°C spins is much smaller than that'®{. In other words, there
is no efficient direct relaxation path frol'C to the lattice, and
the heat capacity of thé’C spin bath is negligibly small.
However, these assumptions should not be appropriate for 1
case of CP between two abundant nuclei. In the caskl ef
F CP, the number of fluorines may be comparable to that
hydrogens in fluoroorganic compounds and fluoropolymer
For example, the ratio of the number of fluorine spins to that c
proton spins in one of the most important fluoropolymers
poly(vinylidenefluoride), is 1. The high natural abundance ¢
“F often makesT}, of the same order of;,, which is much
shorter tharTy,. In addition, the heat capacity of tH& spin
bath can be comparable to that of thé spin bath. Moreover,
the chemical distribution of the two atoms in compounds ca

High-speed magic-angle spinning and high-power decoye yvery similar because both are univalent.

pling techniques facilitate the measurement of high-resolutionThere are a limited number of fluorinated polymers, an
solid-state®F NMR spectra for proton-containing fluoroor-most of them, such as polytetrafluoroethylene (PTFE), pol
ganic compounds and fluoropolymets-g). The 100% natural (yinylidenefluoride) (PVDF), and poly(vinylfluoride) (PVF),
abundance, the large magnetogyric ratio, and the large chefnipit semicrystallinity. The CP dynamics of those polymer
ical shift range of this nucleus are great advantages for {g expected to be complicated because of the existence
NMR observation. In particular, it has been shown thét>  more than oné“F resonance originating from the crystalline
F cross-polarization (CP) magic-angle spinning (MAS) NMRng amorphous components, the frequent existence of po
can provide spectra with well-resolved peaks and no bagjorphism, and variations in the regioregularity (head-to-hea

ground signals in many cases. Such spectra have been usegfipko-tail structures). The dispersion in tH& chemical shift
of each component often gives overlapping spectra, and effe

L To whom correspondence should be addressed. F&1-3-5734-2889. tive spin diffusion between different groups and componen
E-mail: sando@polymer.titech.ac.jp. makes it difficult to measure the inherent relaxation param
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polarization transfer between X and H spin systems which a
subject to Zeeman interactions with a magnetic figjd(13—
15). Itis assumed that H is an abundant nucleus, whereas X c
be an abundant or a rare nucleus. In addition, both spins &
assumed to have same spin quantum number §.elf is
useful to consider the magnetizatidhand the energ¥ of a
spin system, which are given by the expressions

k1
M=kr'3

|| \/ u

N-I(l + 1)y%-B=p-C-B [1]

. o1
polyimide %’ dehydration by heat — ﬁ § N - |(| + 1)’}’2ﬁ .B2= _B . C- BZ, [2]
Q F3“:\ S Q H O H H M
»( :NQO whereT is a spin temperaturé,the spin quantum numbe
G HEY E P T A the spin density (the number of spins in a unit volume), and
the gyromagnetic ratio of the spin€. is the so-called Curie
6FDA/ODA constant, angB, defined asi/kT, is an inverse spin tempera-

SCHEME 1. The molecular structure of the fluorinated polyimide 6FDAAUTE, which is proportional to t.he magnltu_de of the magnetize
ODA and its mode of synthesis. tion when only the Zeeman interaction is considered. Whe

polarization transfer between two spin baths is discussed
ters. However, several kinds of fluorinated polyimides th&rm of spin thermodynamics, the magnetization and energy
have trifluoromethyl groups are known to be highly amogach subsystem can be characterized by the valyse Bhe H
phous, and they have homogeneous molecular structuresad X spin systems form spin baths (reservoirs) at inverse sy
particular case is polyimides derived from 2,2-bis(3,4-dicafemperatureg, andBx that can be in contact with each other
boxyphenyl)hexafluoropropane dianhydride (6FDA), whicAnd coupled with the lattice, which is suggested to have ¢
show high transparency in the visible and the near-infraréfinitely high heat capacity g, as depicted in Fig. 1. The rate
region, as well as low dielectric constants, low refractiveonstant for polarization transfer from the H to the X spin bat
indices, and low water absorption—properties which makél — X) is denoted by a time constaft,, and that from the
them of commercial interestl(—12. Since polyimides are X to the H spin bath (X— H) is indicated byTx,. Since the
usually synthesized from two source materials (diamine af@larization transfer inherently includes a coherent process
dianhydride), one can control the nature of fluorine-containifgyo-stage feature is frequently detected in the initial period
groups and the content of fluorine by choosing an approprig@ss polarization when there is a strongly coupled H-X spi
combination of the materials. The polyimides derived from
6FDA can form ideal systems for investigating the cross-
polarization dynamics betweéffF and'H spins. In this study,
we clarify the characteristics of CP dynamics betw&&nand
'H on the basis of spin thermodynamics theory and develop a
method for deducing true CP dynamics parameters from CP
curves and independently measured relaxation parameters, us-
ing an amorphous fluorinated polyimide derived from 6FDA as
an example. The specific polymer studied is a condensation
product of 6FDA with 4,4-diaminodiphenylether (ODA). The
standard method for preparation is shown in Scheme 1. This
material consists of one fluorine and one proton spin bath. This
study should give a basis for analyzing the CP dynamics in
semicrystalline fluorinated compounds and polymers having
more than one kind of fluorine.

Lattice B

FIG. 1. Schematic representation of an abundant H spin bath and
abundant or rare X spin bath, which are spin-locked by RF irradiation a
coupled to the lattice as expressed by their spin—lattice relaxation times in
rotating frame, T}, and T3, respectively. The rates of polarization transfe
between the two spin baths are represented by the cross-relaxationltignes

We employ a phenomenological spin thermodynamics theH — X) and T, (X — H). g is the inverse spin temperatuid,the density
ory based on the spin temperature hypothesis to describe #iepins,y the gyromagnetic ratio, anl, the RF field for spin locking.

THEORY
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pair (16, 17). The first stage originates from coherent energgxpressed by using Eq. [8] and adding the relaxation terms
transfer between directly bonded H and X spins, which is thh¢ and X spins as follows:
cause of dipolar oscillation, and then an equilibration of mag-

netization occurs within the H spin bath via homonuclear spin d 1 1

diffusion. However, we assume thatwithin each spin bath is gt Px=~ Ton (Bx = Bw) — T% Bx
immediately equilibrated. Hence, we neglect here the oscilla- ’

tion of magnetization between H and X spins. In addition, we d _ € 1

consider only an experimental situation such that magic-angle dtPe= - Tix (B = Bx) ~ T Br [l

spinning does not interfere with the CP process.
Assuming first-order kinetics and neglecting the relaxation |n the case of H— X cross polarization, Eqgs. [9] are

processes, the variations pfunder cross-polarization condi-straightforwardly solved under the initial conditions, where th
tions can be described by the coupled differential equationgontact timete, = 0;

d 1 H = PH d Bx=0, 10
an:_TiHX(Bx_BH) R Pro and B [10]

and the contact time dependenceff can be expressed as

d 1
= — 13,1
dt Br= 1, (Bu— B (3] (13,19
. L o . Bx(1)
Under this condition, energy conservation in the rotating frame 5
has to be invoked: HO / cp
_ 1 a, a_
dEc, 0B " Ta—a | AT, ) TR T, )
dt dt 1]

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

d d a.=a* \aj—b [12]
aBH_ _EaBXI [5] .
with
wheree is defined as 1 Toe T
a0=§ 1+€+ﬁ+ﬁ [13]
_ CxBix _ N><('Y><Bl><)2 [6] ’ !
¢ CiBf  Nu(wiBi)? and
B.x and By, are the spin-locking RF fields for X and H, b= 1% <1 N THX) o [14]
respectively. This becomes equal tbly/N,, when the Hart- T4, T T

mann—Hahn (H-H) matching condition
In this study, we use this exact solution of Eq. [9] for describ
YuBin = vxBix [7] ing the CP dynamics between two spin baths. The rate
polarization transfer between H and X spins will always b
is achieved. The combination of Eq. [3] and Eq. [5] gives th%xpressed in terms offx. . . L
relation On the other hand, the evolution of X spin magnetization &
a function oft, during the H— X CP experiment (which we
will refer to as a CP curve) is frequently fitted by a double

e _1 [8] exponential function,

Tux T’

ter tep
Under spin-lock conditions, the contact between each spin ~ Mx(D) = A{ —exp( - ﬁx> + EXp< T ) [15]
bath and the lattice is characterized by spin—lattice relaxation
times in the rotating framel, fp andTT,,. Hence, Eq. [3] can be whereT%x andT%, are effective parameters that characteriz
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the increase and decrease of X magnetization, whilis a 1r
fitting parameter for the signal intensity. It is well known that \ _CP-drain curve : 8,
Thx andT?%, are analogous t@ .« and Ty, respectively, when AN Ty
the following conditions are fulfilled: (1) X is a rare spin (e.g.,
X = C, ®N, #Si), (2) Tux is considerably shorter thah),
and (3)T5, is considerably longer thaR,. We will refer to this
extreme situationg(< 1 andT,.x < T}, < T3) as the ideal CP
condition. Since the magnetizatidvi, is proportional to the
inverse spin temperatur@y, Eq. [11] can be directly com-
pared to Eq. [15]. The similar form of these equations unabl
one to examine the relationship betwé&8i, T, T%,, andTy,
by introducing two parameters, andf,:

le)

sca
-

-
+
(o]

CP curve : By

L 1Mx

Nornfalized B (log

THX THx 0.1
HX = = =1 Tix [16] .
Contact time tCP

. Thx . 1 Thx Ho_ ¢ H FIG. 2. A schematic diagram of H> X CP and CP-drain curves when
YT a  a- Jazi-b ﬁ T, =Ty, [17]  isnot negligibly small, and@ . is much smaller thaft!, andT%,. The intercept

0 VEo P of the slower decaying part of CP-drain curve, which represents the relaxati

) to the lattice (time constant —1/T%,), totee = O is equal to 1/(1+ e).
The values of,; andf, can be calculated as functions of three
H X H

parameters, namely, Ty/Ty,, and T.x/Ty,. At the ideal CP e proportion of the residual magnetization in the H spin bath 1
condition, f, andf, are unity (see below). Hencé, andf, the transferred magnetization to the X spin bath after CP is/(1
indicate the degree of deviation of the CP dynamics concermngdin particular, this term becomes unity at the ideal CP conditiol
from the ideal CP condition. Equation [18] can also be expressed in terms of effectiy

On the other hand, the contact time dependencg.ofan yajyes in the same way as Eq. [15]. The corresponding eqt
also be obtained by solving Eq. [9] under the same initigh for fitting CP-drain curves is

condition, giving 8)

My (t) t t
Bu(tce) 1 { ( Thx ) % a. ) MH =(1-B): eX[{ - ip) +B- eX[< - T) . [20]
= |1+ —a.|exp — =t Ho Hx 1o
— Tlp THX

Buwo a.—a

T a It should be noted that the magnitude of H magnetization ce
+ (1 + Tf':(x — ) exp( — T; tcp) } [18] be normalized atc, = O, which is a distinguishing feature of
Ip HX CP-drain curves. One may deduce additional information frol
) ) the intensity of CP-drain curves, while only the shape of curve
This corresponds to the., dependence of the residual Hislopes) can be examined for CP curves. At the ideal C
magnetization during the H> X CP experiment (which we congition, the decay of H magnetization is principally charac
will refer to as a CP-drain curve). Equation [18] indicates thagrized by— 1/TY because = 1/(1 + €) is unity andT*, =
the residual proton magnetization decays with the same time \whenB takes a value between 0 and 1, this value is relate
constants of-a,/Tux and —a_/T.x as for the increase in X to the proportion of the H magnetization that does not transf
magnetization expressed by Eq. [11]. The first of these ting§ the X spin bath during H> X CP. As described above,
constants relates to the decrease in H magnetization causeqyR¥n T,,, is much smaller thaff}) and T, B can be deter-
the polarization transfer to X spins, and the second time cafined as the intercept of the slower decaying part of th
stant expresses the decrease caused by the relaxation todp&jrain curve, which represents the relaxation to the latti
lattice. Accordingly, at the ideal CP condition, the rates of th@ime constant= —1/T%,), totep = 0, and this value should
former and the latter processes are equa)l( m,Land 1T, pe equal to 1/(1+ €). A schematic diagram of the CP-drain
WhenT, is much smaller thafi;, and T, the coefficient cyrve under this condition is shown in Fig. 2.
of the second term in Eq. [18] is expressed as
EXPERIMENTAL

1o, T 1 1
a,—a 1T T ) T e [19]  sample

The fluorinated polyimide 6FDA/ODA used was prepared a
This indicates that, when the spin—lattice relaxation is very slofgllows (see Scheme 1). A 10 wtY%l-methylpyrolidinone
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solution of the precursor, poly(amic acid), was poured intg?
water from a syringe, and the precipitated polymer was dried a
70°C fa 1 h under nitrogen and then dehydrated (imidizied)
vacuostepwise at 150°C for 1 h, 200°C for 1 h, and 250°C for
3 h. The solution of poly(amic acid) was purchased from
Aldrich Chemical Co. The completion of the imidization reac-
tion was confirmed by”C solution NMR (9). Deuterated
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Dipolar Decoupling

dimethyl sulfoxide (DMSQd,) was used as a solvent. Since H cp

the optical absorption (optical density) at 633 nm for guifi-
thick film cured at 300°C was reported as 0.QB)( this
polyimide exhibits high optical transparency in the visibley
region. This certifies the inherently amorphous nature of this
polymer.

(DPD)

/2

DD

Nuclear Magnetic Resonance

Solid-state NMR experiments were carried out on a Che-
magnetics CMX-200 spectrometer operating at resonance fre- H
quencies of 188.288 MHz forfF and 200.13 MHz forH. A
'H-"°F double-tuned APEX MAS probe capable of high-power
(up to about 100 kHz) heteronuclear decoupling and equipp
with 4-mme-o.d. zirconia Pencil rotors was used. Vespel drive
tips, spacers, and end caps have been utilized to decrease
unwanted background signal on the fluorine channel, but such F
signals are, in any cases, minimized by the use of cross
polarization R). In order to reduce the effect of inhomogeneity
in spin-locking fields, spacers 4 mm in length were added to
both ends of the sample. Thus the actual sample was 3.5 mm H
long, in the rotor sleeve, and was spun at the magic angle at a
rate of 12 kHz. Experiments were carried out at ambient probesic. 3. Pulse sequences for measuring parameters relevant to the cro
temperature (about 35°C])9.F chemical shifts are quoted withpolarization (CP) dynamics betweélfr and*H. (a) Standard variable contact
respect to the signal for CFCland were measured via afime CP, (b) variable contact time CP drain, and (c) a short contact C
replacement sample of liquid Es (5. = —163.8 ppm).\H followed by a variable time spin lock.
chemical shifts are quoted with respect to the resonance of

tetramethylsilane and were measured via replacement with a . .
sample of poly(dimethylsiloxanep{ = 0 ppm) quence can suppress the influence of the background sig

“F and ‘H MAS NMR spectra were recorded with/2 frrﬁmér;ef_ngb?, Whit(}f‘]h s ;()jafrtictuhlarly _strlon%:;f tﬁiggamel‘
pulses of 3us duration. Relaxation delayd d s are long € eld strength used for the spin fock bfan Spins

enough compared with théF and'H spin-lattice relaxation V&% equivalent to about 83 kHz.
times in the laboratory framel{' = 0.8 s andT} = 0.7 s) to
ensure quantitative peak intensities. The pulse sequences for
the standard variable contact tirité — **F CP experiment and
the newly developedH — *F CP-drain experiment (see
below) are depicted in Fig. 3. The evolution of fluorine and Figures 4a and 4b show the calculated CP and CP-dre
proton magnetization was observed as a function of contacirves using Egs. [11] and [18] far = 0.01 ande = 1,
time, tcp, under high-resolution conditions with high-powet respectively. The values df,x and T}, were kept constant at
and *F decoupling in the two experiments, respectively. The3 and 5.0 ms, and the relaxation parameters for the vario
spin—lattice relaxation time in the rotating frame for the¢ curves used were: (A)}, = 2 ms, (B)Ty, = 3 ms, (C)T}, =
spins (T) and *°F spins {T{,) were measured by the variable5 ms, (D)T}, = 10 ms, and (EY}, = 20 ms. The value of ;4
spin-lock time experiments. The pulse sequences used are alas chosen to be considerably smaller than thosg&;pand
depicted in Fig. 3. The initial magnetization is generated by CE;, as is usual forH — **C CP and'H — **F CP. These
from the other nucleus with a short contact time (206) and curves are shown on a logarithmic scale in order to compa
then spin-locked for a variable spin-lock tim,. This se- the slopes of3. Thee = 0.01 case corresponds tdl — **C

Spin Lock

CP )
A
ch(van'able)+v U\/\/\/\’W

fixed

<« tgy (vaniable)}—»

CP Spin Lock

[\AAAAA
i

=N
n/Z%

CP DD

RESULTS AND DISCUSSION

Calculation of CP Dynamics
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generally much longer thamj,, because there is no efficient
direct relaxation path fron¥C to the lattice.

On the other hande = 1 corresponds to a typical case of
'H — *F CP, becausgF has 100% natural abundance, and th
number of fluorines may be comparable to that of hydrogens
fluororganic compounds and fluoropolymers. The CP and Cl
drain curves shown in Fig. 4b exhibit significantly different
behavior from those in Fig. 4ae (= 0.01). The CP-drain
curves, which consist of two decaying parts, obviously lool
like the complements of the respective CP curves. The fe
decay in the region whertg, is shorter than the X T,y (1.5
ms) is caused by the polarization transfer from H to X spin:
and the subsequent slow decay is caused by the relaxation
the lattice under the spin-lock condition. It should be noted th:
the rates of increase of X magnetization in the CP curves a
Contact time ., (ms) the rates of decrease of H magnetization in the CP-drain curv
are considerably faster than the relevant values of,1(=1/
Ty In this case). These facts indicate that the effective rate
the polarization transfer can be faster than the true rate
1/Tux. In addition, the decaying slopes of the CP and CP-dra
curves in the region dfe, > T,x take almost the same values,
and are considerably different from the correspondinyT?,
values except for the case whef) = T1,. Compared with the
situation fore = 0.01, the decaying slopes are more gentl
whenT{, < T3, (A and B), but steeper wheR;, > T}, (D and
E). These results clearly indicate that, when examining the C
dynamics between two abundant spins, one must take expl
itly into account the influence of the X spin bath on the H spil
bath. When the number of X spins is not negligibly small, ther
is no simple method for inferring the true valuesiqf andT[',,
from the Ttx and T%, parameters that are directly obtainec
from the CP curve by the traditional procedures.

The general features of the CP dynamics between two abt
dant spins can be described more precisely by examining t

FIG. 4. Evolution of the normalized inverse spin temperatysg for X factorsf, andf, that were defined in Eqgs. [16] and [17]. Figures
and H spin baths in the standard-+ X CP experiment for the cases of @y 9@ and 5b show the contour mapsfoandf, calculated using
0.01 and (bg = 1. These curves were calculated according to Eq. [11] and EEg. [10] and Eq. [11] where = 0.01, corresponding to the
[18] as a function of contact timet?p. The r}i'/alues ofl"Hx(,j andzTgp(vX)erg Ise(r;) 'H — BC CP case. These two factors are expressed as fur
constant at 0.3 and 5 ms, respectively, di as varied as <. , O. s H X H H :

5.0 (C), 10 (D), and 20 ms (EF)). The i?l/itialls\jlvglues 8 and By are 1 and 0, ;I_on/STHOf;'g/TT”’/_?D i;”g;ﬁsagﬁ;? t?]ir:n(;j I:E_:? tzsnér_}_a*t’ ;vrgen
respectively. HXE T 1p HXE T 1p +tilp HX
analogous t@ [',, andT .y, respectively, within an error of 10%.
This condition is commonly fulfilled in semicrystalline and
1iee amorphous polymers at temperatures lower tharMoreover,
CP, because the ngtural abundance™@f is 1%, and the T* has a similar value td%) in a wide region of the map.
number of carbons is, at most, of the same order as that@fese results support the use of the conventional method 1

hydrogens. It is clearly shown that the increasing slope of the, analysis of CP dynamics as long as the conditions descrit
CP curve is determined by Ly, and the decaying slopes ofgpove are fulfilled, so that, andT% can be taken a8!, and
the CP curves in the region af, > T.x and those of the T respectively.

CP-drain curves over the entire experiment are principally On the other hand, Figs. 6a and 6b show the contour maps
determined by-1/T%,. The influence of 1%, is negligible on f, andf, calculated wher = 1, corresponding to marid — “F
the CP curves, and no influence of# X polarization transfer CP situations. These figures exhibit distinctly different feature
is observed in the CP-drain curves. This situation is mofem those in Fig. 5. Even wheR is one-hundredth of;, and
pronounced in organic molecules and polymers beca@gsis T}, the effectiveTyy is only half of T,. This indicates that the

Normalized S

Normalized f

Contact time tCP {ms)
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FIG. 5. Contour maps of the two parametdiga) andf, (b) that were calculated according to Eq. [16] and Eqg. [17]€fer 0.01. These two factors are
expressed as functions &f,x/T%, and T/ T3, The limiting value off, at Ty/T5, — 0 andT/T5, — 0 is 1.0.

effective (“observed”)}i is much shorter than the true value ohot be similar tor3,. This result can be explained by the fact tha
Tux Whene is not negligibly small. By using Eq. [16], it can bethe decaying slope of the CP curve is principally determined k
shown thafl}y is equal to 1/(3+ €)T,x, whenTy is much shorter (1/T Tp + 1T fp)/ 2, not by 17I'§‘p, whene = 1. This corresponds to
thanT;, andT},. This corresponds to the fact that the rates of ttbe fact that the decaying slopes of the CP and CP-drain curves
initial increase in the CP curve and the fast decrease in thig. 4b are considerably different from the relevant vale$ipf
CP-drain curve were faster than the respective valués,ofas The five sets of parameters that we considered above, A-
seen in Fig. 4b. In additiorf; is very sensitive to the variation in have constant values E)TLXITTP at 0.06, but they have different
Tux/ Ty, and T, /T3, This indicates that th&}, value determined values ofT /T3, at 0.15, 0.1, 0.06, 0.03, and 0.015. From th
from the slope of the experimental decay in the CP curve mighibts in Fig. 5 € = 0.01),f, is constant at 0.93 for A-E, bt

a 10F 0.10
. - 0.15 M
i 0.20
L SRR e LR e L L ehEh bk R
X [ 045
Tx Tl |
0.1 e R S Rah s
I : 20/ /(25  >25
A /L
0_01/: |||||||i Ll ||||i T N Tl T . L 1|||||i Lo
0.01 0.1 1.0 10 0.01 0.1 1.0 10
H H
Tux Ty TexT 1y

FIG. 6. Contour maps of the two parametdis(a) andf, (b) calculated fore = 1. The limiting value off, at THXIT'fp -0 andTHX/Tfp — 0is 0.5.
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150 100 50 0 -50 -100 -150 -200 -250 -300

8F (ppm)

FIG. 7. Solid-state'H — F CP MAS spectrum of the 6FDA/ODA polyimide measured under the Hartmann—Hahn condition. Spectrometer opel
conditions: spin rate, 12 kHz; pulse durationu.8 for a 90° pulse angle; contact time, 0.5 ms; spin-lock RF field equivalent, 83 kHz; recycle delay, 4 s;
spectral width, 200 kHz. Proton spins were decoupled by an irradiating RF field equivalent to about 75 kHz during acquisition.

varies between 0.95 and 1.05. Anyway, it is understandalgelse sequence is shown in Fig. 3a. This polymer has 6 fluoril
that allf, andf, values are close to 1, which coincides with thetoms in two trifluoromethyl groups and 14 hydrogen atoms ¢
results obtained in Fig. 4a. In the case'df— °C CP,f, and four aromatic rings. One can consider that it comprises or
f, should usually be close to 1, becad&g/Ty, is frequently fluorine and one proton bath because all the fluorines a
smaller than 0.06. In contrast, the plots in Fige6< 1) show chemically equivalent, and all the aromatic hydrogens shou

that the values of, for A—E are far from 1 and have only ape strongly coupled to each other by dipole—dipole intera

sensitive to the variation iﬂiHX/Tfp. Itis larger than 1 for Aand 5iculated ag = 6/14 = 0.43. A single peak is observed in the
B but smaller than 1 for D and E. Only Whé'mX/Tfp =THX/T[‘p 9F spectrum ab. = —60.9 ppm, though the half-height width

(case C) does, become unity. The densely packed contoys; 1 779 1y is relatively large. The lineshape can be well fitte
lines in Fig. 6b suggest d|_ff|cult|ei N Setermmmg the paran?)-y a single Lorentzian function. Since the glass transitio
eters related to .CP dynqmm‘ﬁk&, T T.lp) from experimental temperatureT,) of this polyimide was reported as 295°00}
CP and CP-drain experiments by a simple method. . 9 L . ) : "
little molecular motion is expected in the main chain at ambier
probe temperature.
Equation [2] shows that the values efbecome equal to
Figure 7 shows theH — F CP MAS spectrum of 6FDA/ N¢/Ny only when the H-H condition is fulfilled, and se
ODA polyimide measured at a contact tintg:f of 0.5 ms. The should be sensitive to a mismatch of the H-H condition. Figur

'H — F CP Experiment
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r . . quently, the fluorine spins are irradiated, aittl— °F CP is
sideband sideband thus generated. The residu&l magnetization after the CP is
i{ L observed as a function of the contact tintg,. During the
acquisition, the fluorine spins are decoupled by RF irradiatio!
2 - . Figure 10 shows théH — *F CP-drain MAS spectrum of
S *("c':'n‘t:r‘;"g:"‘%')’ i ' 6FDA/ODA polyimide witht., = 0.5 ms. The residual proton
o P signal after'H — *°*F CP was successfully observed using th
' 6 * CP-drain pulse sequence. A single peak is observed in tt
; . P e spectrum, whose half-height width of 1100 Hz is considerabl
e e by ." . smaller than that of th€F spectrum. The lineshape can also b
' well fitted by a single Lorentzian function. The distinct spin-
ning sidebands originate from the residual dipolar interactic
that was not averaged out by the high-speed MAS of 12 kH
\ - e a1 All the protons should have inherently similad chemical
65 70 75 80 85 90 95 100 shifts because they are directly bonded to the aromatic ring
1H spin-lock field w/2n (kHz) Figure 11 shows the evolution of thi#l magnetization ob-
tained from the'H — **F CP-drain MAS spectra as a function

FIG. 8. Hartmann-Hahn (H-H) matching profile of 6FDA/ODA mea-f tee. Figure 11b is the expansion of the regiontga‘< 1.6
sured by'H — F CP MAS under the same conditions as for Fig. 7. This CP-drai b | fitted b doubl
Cross-polarized intensity is plotted agaifstRF field strength (expressed as'>" IS -drain curvé can be well nttéd by a double

o). exponential function as expressed by Eq. [20]. No oscillatio
was observed in the fast decaying stage. The effective para
eters obtained aB = 0.67,T} = 0.13 ms, and™;, = 3.4

8 shows a H—H matching profile measured by — °F CP MS. Owing to the large difference betwe€h: andT?,, these
MAS under the same conditions as above. The spin-lock fidl0 components were clearly separated, as seen in Fig. 11b.
for fluorines was fixed at the equivalent of 83 kHz, and that fé*Pected from the theory (Eq. [11] and Eq. [18]), the decay ra
protons was varied. Although the signals obtained at the H-9f the first step e, < 0.2 ms) of the residual proton magne-
condition were weaker than those at the sidebands, the fgation in the CP-drain curve (0.13 ms) coincides well witt
power in the proton channel was set to the centerband priortf@t of the initial increase in fluorine magnetization in the
the experiments. Figure 9 shows the evolution of #ffe H — “F CP curve (0.13 ms). In addition, the decay rate of th
magnetization obtained from the standai— °F CP MAS second stept(, > 0.5 ms) in the CP-drain curve (3.4 ms) is
spectra as a function of, (CP curve). This curve can be well@lS0 analogous to the decay rate in the CP curve (3.6 m
fitted by Eq. [15] with two effective parameterE},: = 0.13

ms andT?%, = 3.6 ms. No oscillations were observed in the
initial stage of this curve, as assumed in the theory developed
herein. This is because there are no strongly coupled H—F spin
pairs in the molecular structure. The fact th&t: is much
smaller thanl”;, (about 1/30) suggests that, is also consid-

Signal Intensity (arb. unit)
(2
E ]
<
®-
E ]

tensity

erably smaller tharT}, and Ti; nevertheless more precise € OoO
analysis is needed. E: Co,
o o
'H — F CP-Drain Experiment § ° 5
N o)
The evolution of residualH magnetization aftetH — “F E o
CP can be monitored by a newly developed CP-drain expers ©
ment (L6). The pulse sequence is shown in Fig. 3b. THe < o
magnetization is first generated B — 'H CP with a stan- ©
dard contact time (1 ms). This initiating procedure has the 'é' — é' : '1'0' ' '1'2' ' ‘1'4' ' '1'6

advantage of eliminating backgrounti signals from the
probe. After the CP, the magnetization is retained by spin Contact time { (ms)

|0Ck|hg for 3 n.]s' .Durmg this spin-lock time, the re?'_dual FIG. 9. Contact time dependence of tH& signal intensity for the
fluorine magnetization dephases completely. As a condition f@fngardtH — *F CP experiment on the fluorinated polyimide. The plot car
the successful use of this experiment, fhg of the sample be fitted to a conventional function (Eq. [15]) with effective parametef&:af
should be considerably longer than the spin-lock time. Subse-0.13 ms andr, = 3.6 ms.
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FIG. 10. Solid-stateF — *H CP-drain MAS spectrum of the 6FDA/ODA polyimide, measured under the Hartmann—Hahn condition with the p
sequence of Fig. 3b. Spectrometer operating conditions are the same as those for Fig. 7. Fluorine spins were decoupled by an irradiating RIefietd eqt
about 83 kHz during acquisition.

These results clearly indicate that the CP-drain experiment(@®ntent 37%), respectively. This non-single-exponential be
complementary to thtH — *°F CP experiment. In addition, we havior and the relatively shofft;, values may arise from the
can calculate the value effrom B using Eq. [20] by assuming peculiar structure of 6FDA. There are strong dipolar interac
thatTHF/Tal and THF/Tfp are small (the validity of these as-tions between the fluorines in the C§roup, whereas the fast
sumptions will be demonstrated below). The valueedhus and anisotropic rotation about C—CBonds averages the in-
obtained (0.49) is close to that determined from the chemiaagractions. In particular, a rapid three-site jump motion woull

structure Ne/N,; = 0.43). render the fluorines of a GFgroup equivalent, resulting in a
_ . _ o . symmetry classification of thEF energy levels which in turn
Spin—Lattice Relaxation Time in the Rotating Frame gives rise to two different relaxation pathways. The situatio

Figure 12 shows the relaxation behavior of the peak othat two CFK groups interact with each other in the hexaflu:
served in*F spectra by variable time spin-lock experiment®iroisopropylidene (-C(Cff,—) group complicates the interpre-
The pulse sequence is shown in Fig. 3c. This decaying cumaion. However, we use a singlg, value of 1.8 ms, which is
cannot be fitted by a single-exponential function, but can lodtained from the single-exponential fitting, in the following
well fitted by a double-exponential function. According to thanalyses because the t§, values differ by less than an order
double-exponential fitting, the fast and slow decaying compof magnitude. Figure 13 shows the relaxation behavior of tf
nents haveT;, values of 0.73 ms (content 63%) and 4.7 mpeak observed ifH spectra by a pulse sequence analogous
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FIG. 12. Spin-lock time dependence of th¥# signal intensity of 6FDA/
ODA for *H — F CP followed by'°F spin lock. The plot can be fitted by a
1 t} double-exponential function wiﬂﬁfp =0.73 ms and’fp = 4.7 ms. However,
0.9 [y the averaged’, value of 1.8 ms was used for the analysis.
2 |® (b)
n 0.8 .
e [ o®
c o7t <><‘><>\ straightforwardly calculated from the measured value3™pf
s IR \<\>Q‘~<>° and T}, as 0.39. Hence, the coordinatd, (/T T.e/T5,), of
D 06| “05?«300 this sample should be located on the contour liné,cf 0.39
wn A . . . . . .
T 02).5?_0\~ o (mdlc_ated by a tr_nck line in Fig. 14). On the other hand, the
2 05 ¢t 660 o of this sample is expected to be between 0.5 and 0.7 |
g "2>'"-~-._o ° consideration of the values df, in Fig. 14a, becausé .-
5 ... should be smaller thaR;, andT?, for this sample. In particular,
< 04t ©  Tue should be much smaller thaTri',, because the former can be
‘ . . . ‘ . ' ,  atmosttwice as large &% (0.13 ms) from the expected value
o 02 04 06 08 1 12 14 16 Offi, whereas the latteris 9.2 ms. By insertifify: (0.13 ms),
Contact time tcp (ms)
FIG. 11. (a) Contact time dependence of thé signal intensity for the 1
'H — “F CP-drain experiment on the fluorinated polyimide, and (b) its L
magnification for short contact times to show the double-exponential behavigs ¢ g | \“.
The plot can be fitted to a function (Eq. [20]) with effective parameteB of 2 L .
0.67, T4 = 0.13 ms, andr, = 3.4 ms. £ o6} e
£ *e
® 05} *
Fig. 3c, where the H and F channels are interchanged. Tige 0.3 | N
decaying curve can be well fitted by a single-exponentid
function, and théT {, thus obtained is 9.2 ms. Considering the‘-t; 02 b .
rigid main-chain structure of polyimide and the absence o
proton-containing motional groups, the single-exponential b&
havior and the relatively long}, are understandable. .
. . . . . 01 1 " L 1 1 " L 1 1 1 L 1 1 1 1 1 L N " J
Analysis of CP Dynamics in Polyimide 0 5 10 15 20

1 . .
Figures 14a and 14b show the contour maps,cénd f, H Spin-lock time £, (ms)

Calcu'_ated fore = 0.43. This value is equal tNF/NH of the FIG. 13. Spin-lock time dependence of tHel signal intensity of 6FDA/
chemical structure for the sample. The nucleus X is renamedgis for °F — *H CP followed by*H spin lock. The plot can be fitted by a
F in these figures. From the definition, the valuef ptan be single-exponential function witfi'}, = 9.2 ms.
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10 10
1 1
T TF T..TF
HF' ' 1p HF' " 1p
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H H
TueTsp Tue Ty

FIG. 14. Contour maps of the two parametérg(a) andf, (b) calculated forH — "F CP on the fluorinated polyimide & 0.43). The limiting value of
fy at T/ T4, — 0 andT/TE, — 0 is 0.70. The contour fof, = 0.39 isdrawn by a thick line. The values @%./T}, and T,/ T}, obtained from the analysis
(0.02, 0.11) are consistent with the independently measured valiye of

Ti, (1.8 ms),T{, (9.2 ms), anck (0.43) into Eq. [16],T4- was one abundant and one rare type of spin (€%, and 'H) are
determined to be 0.20 ms by solving the equation numericallgappropriate for this case, and one has to incorporate explicif
The coordinate in Fig. 14 can be straightforwardly calculatete twoT,,’s (Tf, andT},) and the relative magnitude of two spin
as (Tue/ T4, T/ T5,) = (0.02, 0.11)This point is just located baths in order to understand CP dynamics between two abund
on the contour line of, = 0.39 ascalculated fromT?%, and nuclei. The spin thermodynamics theory based on the spin tel
T1. This indicates that the value @, obtained is consistent perature hypothesis is an effective method for analyzing C
with the effective CP parameter$’- andT%,), which can be dynamics between abundant nuclei despite its several assumpti
directly obtained from the CP and CP-drain curves, and thed limitations.

independently measured relaxation paramet&fsdndT1,).
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