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We analyze theoretically and experimentally the quantum dynamics of a three-spin-1/2 system
during cross polarizatiofCP). Our analysis takes into account a Hamiltonian behavior for a carbon
13C coupled to two protondH while the coupling to a spin bath is treated in the fast fluctuation
approximation. This model is applied to the methylene and biphenyl groups of the smectic and
nematic phases of the liquid crystalmtectyl-4’-cyanobiphenyl8CB). Experimental data from
standard CP, combined with our theoretical results, allow us to separate the homofidel&r

and heteronucleatH—'C residual dipolar couplings. These values are in good agreement with
those obtained by using a combination of CP under Lee—Goldburg conditions and standard CP data.
A well differentiated relaxation behavior among the two phases seems to indicate that while the
extreme narrowing approximation is appropriate for the nematic phase, the description of the
smectic phase requires consideration of the slow-motion limit2@3 American Institute of
Physics. [DOI: 10.1063/1.1609394

I. INTRODUCTION polarization dynamics can be exploited to measiite 3C
andH-'H effective dipolar interactions in the nematic and
The exact quantum dynamics of few-spin systems hagmectic phases of the liquid crystal moctyl-4’
regained interest during the last years. This fact responds Qyanobiphenyl(8CB). Most of the previous works where
challenging applications requiring very fine knowledge ofansient oscillations were observed during CP were analyzed
the spin interactions, such as molecular characterization, spif terms of a single'H—-13C interaction incorporating the
control in nanodevicesand quantum computatiéras well  ¢oupling with other protons as a thermal bath or reservoir in
as to more fundamental reasons. On this side, the limitationg phenomenological wdy. However, as occurs in 8CB,
of simple thermodynamical arguments based orsfiie tem-  many liquid crystals have alkyl chains and aromatic groups
peraturehypothesis have become evident. Ingenious nuclegg, their structure, where the carbon is coupled to more than
magnetic resonanc®MR) experiments have demonstrated gne proton and the carbon—proton and proton—proton dipolar
the time reversibility of the dipolaimany-spin evolution?™® interactions are of the same order of magnitude. This led us
leading to a revision of the concept spin diffusion”™® {5 consider a set of three strongly dipolar coupled spins 1/2
Then, by selecting appropriate systems and pulse sequencgg, the main system, which interacts with the protons of the
one can investigate the sources of quantum decohet@ncepath, We apply the three-spin model together with structural
ergodicity,® and quasiequilibriun’: information, which yields the relative signs of the hetero-
On the other side, the spin dynamics observed by NMRyyclear couplings in oriented 8CB, to obtain fie-3C and
has proved to be very suitable for characterizing moleculaty_1H effective interactions. Our calculations provide val-
structures and dynamic8. Experimental observations to- yes for the homonuclear dipolar interactions, which are ig-
gether with simple analytical solutions for few-spin dynam-nored in the singléH—3C model, improving the evaluation
ics can provide detailed information on the intramolecularof the heteronuclear interactions in more than 10%. In order
and intermolecular interactioris® This is particularly im-  to test our solution for the evolution of the three-spin system,
portant for the characterization of complex fluids in theirwe compare the values of thel—*3C couplings obtained by
native state, where one uses cross polariza@® dynam-  two procedures. One fits the data from a standard CP experi-
ics to evaluate order parametéfddowever, the reliability of  ment to the calculated dynamics. The other evaluttes=>C
these and other structural and dynamical parameters depenglsuplings directly from a CP under Lee—Goldburg
on the accuracy of the spin dynamics description to whichconditions—i.e., when the dipolar proton—proton interac-
the experimental data are fitted. tions have been canceled out. The advantages and disadvan-
In this paper, we study how the Hartmann—Hahn crosstages of each procedure are discussed.
An interesting aspect we observed during the CP dynam-
dAuthor to whom correspondence should be addressed. Electronic maii.CS in 8CB is that the rate of attenuation of the oscillations
patricia@famaf.unc.edu.ar (representing the coherengés much faster than that of the
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© trum of 8CB in the isotropic phas@t 320 K) was taken as
reference using a single pulse sequence Wittdecoupling
(direct 13C polarization.
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FIG. 1. Chemical structure of #-octyl-4’-cyanobipheny(8CB) showing
the labels used in th&C-NMR spectra.

lll. SPIN DYNAMICS CALCULATIONS

We will consider the evolution of a system of three spins
1/2 coupled through the magnetic dipolar interaction during
the contact time in a cross-polarization experiment. The sys-
tem is constituted by one sp#and two spind representing
a carbon-13 and two protons, respectively, under the pres-
polarization transfer from the bath. The factor is severaknce of a static magnetic field o in the z direction and
times larger than the one calculated assuming isottdjie radio-frequency(rf) magnetic fieldsH;, and H,s in the x
teractions with the reservoir. This anisotropic behavior exjrection. The Hamiltonian includes the dipolar interactions

ceeds that observed in solid molecular crystafin order to  ryncated with respect to the Zeeman fielgl. In the double-
analyze these observations, we introduce an interactiopytating frame it can be written as

Hamiltonian that can take into account different couplings "
with the spin bathdipolar, isotropic, etg. In particular, we e z_ X z_ X 212
find that the dipolar interaction is enough to explain the an- % SAol* oyl AesS - 01sS +2k:21,2 DSk
isotropy observed in molecular crystals. Comparison of the 217 XX Yy
spin dynamics in the nematic and smectic phases of 8CB +d(213l3 =1l -112), @)
indicate different relaxation behaviors, requiring different ap-wherel'=1Y+15 with u=x,y,z. The resonance offsets are
proaches with regard to fluctuations of the spin bath. Aw=we—w, and Aws= wos— ws. The If fields givew,,
=y H4 andw,s= ysH,s Wherey, andvyg are the gyromag-
netic factors of thd andS spins. The constants

Il. EXPERIMENTAL METHODS oy v 1/(3 Co§( fs)—1) o ,
Nuclear magnetic resonance experiments were carried X 47 2 rs, o k=12, 2

out in 4-n-octyl-4’-cyanobiphenyl, also called 8CBsee

Fig. 1), obtained from Sigma-Aldrich Inc. and used without and

furthef purification. This_syster_n prese_n_ts the mesophases Mo%zﬁ 1/(3cog(6y,)—1)

smectic A(SA) and nemati¢N), with transition temperatures d=-— P 3 (©)

at 294.5 K(K-SA), 306.5 K(SA-N), and 313.5 K(N-I).
'H-13C cross polarization measurements as a function ofire the heteronuclear and homonuclear effective dipolar cou-
contact timet, were performed in the smectic and nematicplings, respectively. Herey; is the spin—spin distance and
mesophases. In all the cases, the CP sequence was perforntgdis the angle between the internuclear vector and external
in static conditions and combined with the sequencdield. The angular brackets indicate that the dipolar couplings
SPINAL-64 to perform an efficient proton decoupling during in liquid crystals are averaged over both molecular tumbling
acquisition without appreciable heating of the santfle. and any internal bond rotation. Because of the special geom-
In the smectic phase, standard CP experiments were pegiry of the orientechCB liquid crystals, we will consider two
formed at 300 K in a Bruker MSL-300. The acquisition time different cases where the dipolar constants are related by
was 92 ms, with 60 ms for decoupling and a recycling timeb;=b,=b andb;=—b,=b.
of 15 s. The Hartmann—Hal{iiH) condition was set with an For a standard CP experiment, one can neglect the reso-
rf field amplitude for carbons corresponding te;g/27  nance offsets. Considering thgiq, + wqg/>|by/,|d|, the
=67.7 kHz. During the experiment the contact time was var{runcated Hamiltonian can be written as
ied in the range Zs<t.<5ms. H o1
In the nematic phase at 311.5 K two types of CP experi- =3 S+ S)+A(IX=S9+2 > b(SAE+9N)
ments were performed in a Bruker AVANCE DSX-500. The k=12
first was a standard CP with protons on resonance. The sec-
ond was a CP experiment with irradiation for protons in the —d(21515=1515-11%) |, (4)
Lee—Goldburg(LG) condition: i.e., the off resonance for
protons was set to have an effective field at the magic anglwith 2 = — (w,+ w15) andA= (w15~ wy;). In Eq.(4) non-
with static fieldH,. The acquisition and decoupling times secular elements of the dipolar interaction with respect to the
were 74 ms. In the standard CP, the HH condition was se¥ (1*+ S*) term have been neglected. This allows us to write
with w,4/277=60.3 kHz while in the Lee—Goldburg condi- the matrix representation of the Hamiltonian in a simple
tion w,g2m=74 kHz. In both sets of experiments the HH block structure using the bas{$M,,Mg)}, with M;=M,
condition was optimized fo€(y) (see Figs. 1 and)2and +M, and Mg denoting the spin projections of tHeand S
the contact time, varied up to 2 ms. systems in the direction of their respective rf fields. Each
In all these experiments the temperatures were calibrateblock is characterized by the total spin projectibh=M,
using the N—I temperature transition. Alsd°€-NMR spec- +Mg; i.e., nonzero matrix elements exist only between
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states with the same magnetic quantum numib&rsThus,  spins with the bath or infinite reservoir dfspins is consid-
the heteronuclear dipolar Hamiltonian has nondiagonal termered in a phenomenological way. All kind of spin—Ilattice
different from zero generating transitions between spin stateelaxations are neglected. The interaction Hamiltonian can be
{IM;,Mg)} and{|M,=1MsF1)}. The eigenstates of this represented by

Hamiltonian can be denoted in the forll,ny,), with ny,
=1,...0u , Wheregy, is the degeneracy dfl (n.3,=1 and
n.q,=1,2,3). Itis very interesting to note that in each space
of M= *1/2 there are only two of the three eigenstates that
are involved in the dipolar transitions that give rise to oscil-With Fg=[ —1/2]Zdyl ;5 Where the subscript B corresponds
lations. This is a consequence of the symmetry of the systento the bath. For a truncated dipolar Hamiltonian= 2, and
i.e., the flip-flop can occur only between the carbon and onlyjhe exact factof —1/2] comes from the truncation with re-
one combination of the proton states, either the symmetric ospect to the rf field. For an isotropic interactittieisenberg
antisymmetric depending on the relative signs of the heteroe= —1 and the factof — 1/2] does not appear. In quantum

Him=k§12[aFﬁlﬁ—(FKlHFilm 9

nuclear couplingst{;=b, or b;=—h,). mechanical relaxation theory, the terfa§ are bath opera-
The Liouville—von Neumann equation for the density tors. In the semiclassical theory, by tracing on the bath vari-
matrix of the system is ables, they are treated as temporal functibp&) represent-
i ing classical random processes. This semiclassical theory is
ig(t): _ L[H,a(t)], (5) consistent with a quantum treatment in the infinite-
dt h temperature approximation. Then, the random interaction

where the initial density operatet(0) considers the situation Hamiltonian is written as

after the #/2 pulse in thel system. Under the high-

temperature approximationo(0)= (1+ Bhwy 1*)/Tr{1}, Hit)= >, {aF{ O =[FUO I+ FE)IZ. (10)
with 8=1/kgT. k=12

In the simplest case, where the Hartmann—Hahn condi_-l_h, int tion takes int t not onlv th ind
tion is exactly fulfiled A =0), the exact solution for the IS Interaction takes into account not only the spin dynam-

evolution of the observed magnetizatibhg(t) is ics of the bath but the effect of other degrees of freedom
(rotations, translations, ejcThe time averages of these ran-

1—cogw¢pt) dom processes at infinite temperature satl =0, with
Ms() = THS (1)) =Mof = ®) processes at infinte temperalure saisfft) =0,
correlation functiong, "’ (7) =F(t)F” (t+ 7). Within the
where second-order approximation, the dynamics of the reduced

density operator {€~1°

2
wcpzx/(f d?+2b? and f=2b%w},, (7 d i 5
4 gioW=—z[H o] o) = oo} (1)

with
1 if by=—b,=b, The relaxation superoperatﬁ\' is generated by (t) and
K | ) 8 accounts for dissipative interactions between the reduced
3 if by=by=bh. spin system and the bath. It drives the density operator to-

The frequencyo,, of the polarization transfer corresponds to Wards its equilibrium valuery. In the semiclassical theory,

the transitions between the eigenstates mentioned aboveo gives the information of the higtbut not infinite final

Now, it is clear that the symmetry of the system manifestgemperature of the system.

directly in the frequency, where the difference between the We assume that the correlation times of the fluctuations

two situations is represented through tkeparameter. The are extremely short compared with all the relevant transition

constantVl = Bh wg /4 corresponds to the initial magnetiza- rates between eigenstates of the Hamiltonian—i.e., frequen-

tion of onel spin. Equatior(6) shows that the magnetization cies of the order ok/2 andwc,,. In this extreme narrowing

of Sis attenuated by the factdr and it takes its maximum regime, we obtain

valueMy whend=0. The fact that the homonuclear interac-

t?on d_ecreases_ the tran7sferred magnetization was already no- f{a}: EE Z au’UJ(kU,U)(O)[III.(J,[llli,0_]], (12)

ticed in a previous work.We can see that the constant term 2% o

in Eq. (6) is proportional to the differences in populations ) )

between the relevant eigenstates of the system, while th\ghergJ(k“*”)(w):ffwdrgf(“"’)(r)exp{—mr} is the spectral

time-dependent term corresponds to the coherences reprdensity anday ,=(adyx—duy=duz) (adyx= 8y y =3y 2).

senting the transitions fron{|M,,Mg)} to {{M;=1Mg The spatial _dlrectlons are statistically |nd9pendent—|.e.,

1)} gl"(1)=0 if u#v: then, only terms with JU(0)
The interaction of other spindghe bath with the three- =2R,, survive in the superoperatcﬁ?. Notice that the axial

spin system is included by extending the model proposed bgymmetry of { around thex axis leaves as observable the

Mdller et al!® The model assumes that the dipolar interac-averaged valu®y, = (R, +Ry,)/2. An extra simplification

tions of theS spin with thel spins are neglected except for arises from the symmetrip;=*+b,, leading toR,=(Ry,

the coupling td ; andl,. The interaction of these particular +R,,)/2. Then, we obtain
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Poj= 3 aRII[0]]
8

s f)j‘é‘f(l;)l}

A
(13 (3f—1)2+1

+RU(LLE a1+ [T

Although we could absorb the constamt in R,, we
will keep it to emphasize the different sources of the anisot
ropy in Eq.(13). The most usual approximation is to con-

siderR,=R,=R, (identical correlations in all the spatial di- . . .
rections anda = — 1 (isotropic interaction Hamiltoniart® A >R_, so the first exponential term can be neglected. This

better approximation considers a dipolar interactionaploroximate solution is excellent fér<1, but even in the

Hamiltonian—i.e.,«=2. This is in excellent agreement with worst case {~1), it differs about 7% from the exact solu-

previous works in polycrystalline samples where fittings tollon
phenomenological equations have been perforfif8th par-
ticular, in the case of isotactic polypropyleffea fitting
where Ry, corresponds toa’R, and Ry;=R, gives
de/Rdf~4-

Notice thatx. ,x.=0. Using the initial conditionM g(0)
=0, it is easy to see that the positive constafits, A_
satisfy 1-A,—A_—3f=0. In generalA,<A_ and R,

The first maximum in the magnetizatidvl «(t) is ap-
proximatelyfM,, and the oscillation has frequenay,, and
amplitude §/2) e R representing the attenuation of the co-
herences of thd,S system mounted over nonoscillatory
Following the standard formalisi,we write the super- terms. These terms take into account the effect of the bath.
A ) . .. They do not only transfer magnetization, but they break co-
operatorl” using the basis of eigenstates of the Hamiltonian,arences and lead to a quasiequilibrium characterized by
(4). After neglecting the rapidly oscillating nonsecular terms__qge_ _ _ ;
with respect to the Hamiltonian—i.eR, R, <|b|,|d|—a . oxpl - HI(ksTqe) I THEXH —Hikg o} With  Toe
i SR ' =3/2(wq, /wg) T, the temperature of the three-spin system.
block structure results. The first block couples the popula- | the particular case wheffe=1, i.e., nol ;I , interac-
tions and off-diagonal elements withM =0, zero quantum ion A = 1(153/\17), R, = 49+ \/1—7)R R=7/4R and
transitions(ZQT), of the density matrix. Each of the follow- - AN T ad e oAl
ing blocks couples one ordexM=1 of off-diagonal ele- . .°" v2b. The frequency given in Ref. 14 is valid only
- i under this condition. But even in this case, our results show
ments of the density matrix among themselves. Because e, the equation obtained by Mer et al. for the 1S system
Hamiltonian(4) does not have degenerate eigenenergies, auannot be directly applied to theS. In this last case, the

nondiagonal terms coupling the population block with thegyenation of the oscillations and the transfer of polarization

Z_QT bloc?k_ are nonsecular and can be neglected. A_S the "from the bath are slightly faster than those of tBesystem.
tial condition o(0) does not contain coherences wittii Anisotropic case solutiorconsideringazRHaéRL we ob-
=1, we only need to study the evolution of the density op-;;,

erator into a Liouville space restricted to populations and
ZQT. When there are no degenerate transitions, the secular Mg(t)=My[1—Ae” Rit— Ao Rel— A e Rt
ZQT block is diagonal. However, in our case there are de-

generate transitions between eigenstates within the sets with
M= *+1/2. Thus, some nondiagonal terms in the ZQT block o
cannot be neglected. where AizAi(f', R//R,), R=Ri(f,R;,R,) with i=1,2,3

In the final state, thé,S system reaches the temperature 0 10ng to be included here, and
of thel spins reservoir:

— 3f cogwept) e R, (19

Re=(2-f)R, +(1- 3f)a’R,. (20)

_1+Bﬁw0|(lx+ SX)

(14

70 Tr{1}
It is easily seen thatr, commutes with{, not containing
coherences witAM=1.

Under the considered approximations, we solve (Ed).
for the cases relevant to 8CB.

Isotropic case solutionconsideringR;=R, =R and «
= —1, the time evolution of th& magnetization results

Ma(t)=M[1-A,e R+t—A_e Rt

— 3f cogwept)e™ R, (15)
whereR. = xR, R.= xR, with
Xe=1+2f+=\(3f—1)%+f, (16)
xc=3- 3f, (17
and

The transfer of polarization from the bath to the system de-
pends on the nonoscillatory terms of E49). In the case
a’R,/R, =1, at long times Rt>1), only one of the three
exponential terms contributes. In this regime, the transfer is
essentially given byR, , although there is a slight depen-
dence onR,. This differs from thelS behavior where the
polarization transfer from the bath depends exclusively on
R, .} This is a consequence of the fact that in tBesystem

the quasiequilibriun8* polarization (1/2M, coincides with

the time-averaged value of the isolated system.Rsis
associated to the flip-flop term in the interaction Hamiltonian
(9), its role in transferring polarization can be easily inter-
preted. The effect oR, is more subtle: it can be associated
with a process where the environmentiserveshe system
breaking its coherences. This process involves the operator
FX1*in . As R, is always multiplied bya?, it is easy to
see that the dipolar interaction is more effective than the
isotropic and this, in turn, more effective than tK& (pla-

nar, «=0) interaction to produce decoherence.
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7, In order to analyze the experimental data, it is necessary
ey | 3B to correlate the geometry and symmetry of the molecular
interactions with the cases presented in the theoretical sec-

¢ 1 tion, associated with different values ef Eq. (8). For each
’\a i l‘ ® methylene carbon in the aliphatic chain, the geometry of the
Py /\ /t molecule and the rapid rotations around the C—C bonds,

T y T which lead to thetrans-gaucheisomerizations, allow us to
32'2 take a single averaged value for both heteronuclear
3 ¢ couplings—i.e.b,;~b,. Then, for carbons @) to C(7) in
& 1 the aliphatic chain the relation of signs of the hetereonuclear
B couplings corresponds to the case where3. It is also pos-
“ sible to see from simulations done in 5CB and from geo-
4 metrical considerations that the homonuclear dipolar interac-
J tion d between protons belonging to the same methylene

u cannot be neglectéd.For each nonquaternary carbon in the
I] v

o y phenyls rings C(8), C(2'), C(2), and G3), we have one

200 180 160 3 25 20 15 directly bonded proton interacting with a dipolar coupling

ppm b,; however, a careful analysis indicates that neither the
'H-1H interactiond nor the coupling between tHéC and

FIG. 2. 3C-NMR spectra of 8CB in the smectic mesophase at 300 K. Thethe nearest nonbondé#i. b.. can be neglected. Consider-
inset displays the aliphatic part of the spectrum corresponding to 311.5 K P2

(nematic. The aromatic lines keep their relative positions up to the !ng the rigidity of the Pheny' ring and the Or'entat!on of each
nematic—isotropic transition temperatures. internuclear vector with respect to the external field, we see

thatb,;~ —b,. Then, each nonquaternary aromatic carbon is
o ) ) ) o part of a three-spin system, where both heteronuclear cou-
In the limit R;>R, (highly anisotropic caseit is pos-  plings can be considered having averaged magnitude

sible to distinguish two time regimes: one in which the,_ [b,2+b,2]/2 and different relative signs, leading to
system decoheres and reaches a quasiequilibffi¢ing €] k=1

=0," characterized by,, and other in which polarization
transfer from the bath is completed with a r&e. In this

Let us consider the experimental results corresponding

to the smectic phase. In this case, typical oscillations and

situation, it is possible to see tHf is proportional Ry, @S (e|ayation of the'3C polarization versus contact ting are
it occurs with theR; corresponding to the fastest exponentlalshoWn in Fig. 3. We remark that neither the quaternary car-

terms. Thg dependence of the nonosqllatory termskpn bons nor Cw) show oscillations in the CP experiment. In the
observed_ n t_h_dz_S system can be_ass_|gned to the fact thatIast case, the reason is the high mobility of the methyl group
th? q_ua5|equn|br|ur_n carbon polarization (&) does_not that averages to zero the effective carbon—proton interaction.
coincide with _the time-averaged valué/Z)M, of the iso- In all these experiments, thHéC polarization has essentially
lated thret_a—spln systefiEq. (6).]‘ _ . reached its asymptotic value at 5 ms. The absence of decay
Equatlon_s(15) and (19) will be used to fit the experi- in the time regime analyzed allows us to neglect spin—lattice
mental data in order to extract the relevant parameters of OUL | axation in the rotatin g frameT(,). We also note that the
system. CP frequencies corresponding to methylene groups are
higher than those of the aromatic cores. This is due to a
particularly unfavorable angle~60°) between the internu-
The ®C-NMR spectrum of 8CB in smectic phase can beclear carbon—proton vector and the external magnetic field in
seen in Fig. 2. In the inset of this figure, the alkyl part of thethe case of the phenyl rings. Besides, the contribution of the
spectrum at a temperature corresponding to the nematic meomonuclear coupling to the frequency is much smaller
sophase is displayed. The aromatic part of the spectrumhenx=1.In each dynamical curve shown in Fig. 3, fie
keeps the same features up to the nematic—isotropic trangpolarization at the first maximum is lower than its asymptotic
tion temperature. The position of the methyl carbofw)Cin  value. As explained in the theoretical section, this fact indi-
the isotropic phase is at 14.1 ppm, and it does not vary at theates that the homonuclear coupling is not negligible and
working temperatures due to its high mobility. Due to thisallows its evaluation.
fact, it has been taken as reference. The aromatic part of the We have fitted the experimental CP data to the equations
carbon spectrum for 8CB is similar to those of other mem-derived for the isotropi€Eg. (15)] and anisotropi¢Eq. (19)]
bers of thenCB series, so we consider the updated assignmodels presented in the theoretical section. In the last case,
ments reported for 5CB in previous worksA detailed tem-  we have distinguished a purely dipolar anisotropy=2 and
perature dependence of thé&C chemical shifts in 8CB and R, =R,) from the most general case. For the smectic phase,
the complete assignments have been reported previduslyit is seen in Fig. 3 that the isotropic model departs from the
The assignments for the alkyl carbons are supported by thexperimental points after approximately the second maxi-
segmental order parameters obtained from experimentahum, fitting very poorly the asymptotic behavior. The dipo-
CP frequencies (see below and deuterium NMR lar model constitutes an improvement over the isotropic one,
experiment$ without adding extra free parameters. However, a much bet-

IV. RESULTS AND DISCUSSIONS
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FIG. 3. 13C polarization as a function of contact tirhefor aromatic and aliphatic carbons in a standard CP experiment at 38Méctic phase Fittings of
the experimental data to the anisotropic, isotropic, and purely dipolar models described in the text.

ter fitting is obtained using the anisotropic model which fol- behavior is already well fitted with the purely dipolar model,
lows very closely the first oscillations of the magnetizationnot showing any appreciable improvement by the use of the
and it is the best in the asymptotic regime. completely anisotropic model.

In the case of the standard CP experiments performed in  Taking into account the fitting parameters corresponding
the nematic phase up to 2 misot shown in the figune the  to each experiment, we can obtain the effective dipolar cou-

TABLE |. Effective heteronuclear and homonuclear dipolar couplingsd TABLE II. Effective heteronuclear and homonuclear dipolar couplibgs

d obtained by fitting the data of the standard CP experiment performed aandd for the aliphatic carbons obtained from the experiments performed at
300 K (smectic phaseto the anisotropic model. The signal corresponding to 311.5 K (nematic phase In the standard CP experiment, the values are
C(a) does not appear in the smectic spectra. The errors have been assigneistained by fitting the data to the purely dipolar mogile text In the LG

considering Eqs(21) for b andd in terms of the fitted parameters. CP, the values db are obtained directly from E¢22) while the values ofi
requires a combination of the standard CP with the LG-CP frequefietes
br2w drw (25)]. In this mesophase the signal of& merges to the signal of(@), so
Carbons (kHz) (kH2) the same value of coupling has been assigned to both carbons.
c(3) 1.30-0.03 4903 Standard CP LG-CP  Standard CP  LG-CP
C(2") 1.49+0.04 4.8+0.3 b2 b2 di2mr di2m
C2) 1.58+0.06 4.9-0.3 Carbons (kHz) (kHz) (kHz) (kHz)
c®) 1.45+0.04 5.3-0.4
C(B) 4.6+0.1 4.5-0.6 Cla) 4.0+0.2 4.18:0.04 2.7+05 2.9:0.6
C(y) 4.8+0.1 5.9-0.7 C(B,0) 2.7£0.1 2.95:0.03 3.5:0.6 2.8:0.6
C(o) 4.7+0.3 2.9:0.3 C(y) 3.0+0.2 3.34-0.03 3.5:0.7 2.5£0.5
C(e) 4.3+0.2 4.0:0.5 C(e) 2.8+0.1 2.95:0.03 3.1:0.5 2.8:0.6
C(s) 3.1+0.1 3.7#04 C(s) 2.5+0.1 2.29-0.03 2.4-0.5 2.8:0.5
C(n) 3.2+0.1 2.2:0.3 C(n) 2.4+0.1 2.170.03 1.5-0.3 2.3:04
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couplingb is obtained with a relative error between 3% and
2.5 //'\- 5% while the relative error ofl reaches in some cases a

value of about 20%.
Figure 4 displays the trend of the CP frequency as a

function of 1*C position, obtained from the different experi-

2.0 ments. In particular, for the aliphatic carbons, the expected
e zigzag pattern is observéd? For the aromatic part of the

/:/"—‘R molecule we havew.p(3")<w¢p(2")=wcp(2)~ wcy(3).

1.54 2/ This is expected becal_Jse C{}3 being the clo_sgst tp the

cyano group, forms a bigger C—C—H angle, giving rise to a

smaller dipolar interactiof® On the other hand, when in-

creasing the temperature—i.e., going from smectic to

c(3 c@) c(2) c(3)

Cross Polarization frequencies (kHz)

8 ./\ nematic—a further averaging of the dipolar interactions oc-
7 e curs, manifested in the decrease of the CP frequencies. For
ol A comparison, Fig. 4 shows the results of the CP experiment at
S the Lee—Goldburg condition, performed in the nematic phase
51 //Sigﬁ\ o at the same temperature. In the LG experiment the CP fre-
4 *°\A\‘ quency () is only related to the heteronuclear coupling
3- O— because the homonuclear contribution has been quenched.
2] o etk Under this condition,
—‘v—m::IZn T=311.5K -
1] [Fo—o_s2nsing T=a115k 0 = V2b?(sindy)?, (22
o-

where 6,,=54.7° is the magic angle. This angular factor
comes from the projection of the rf field into the direction of
FIG. 4. Cross-polarization frequencies obtained from the LG and standarthe effective field for protons irradiated off resonance at the

CP experiments for all nonquaternary carbons in the molecule. Note that thEG condition?” Then considering Eq(?) we expect the
signal corresponding to (@) does not appear at 300 K; also note that the . ' '

signal of @B) merges with that of (&) at 311.5 K, so the same value of relation
frequency has been assigned to both carbons.

« By 3 e L 0 o

wcp> wLG/Sin 0M . (23)

As shown in Fig. 4, this relation is not satisfied for aro-

) ) _ matic carbons. Considering that is exactly on resonance
plings and the relaxation constants for each carbon showingy that the HH condition was optimized for that carbon, the
oscillations during CP. In Tables | and I, we show the het-yisaqreement can be attributed to a non-negligible mismatch
eronuclear and homonuclear dipolar couplings at differeng¢ the Hartmann—Hahn condition for carbons in the aromatic

comparable with those obtained by Fuagal.® where a  ihe aromatic carbons, the CP frequency for the LG experi-
different experimental technique was applied. ment becomes

It is important to emphasize here that the frequency of
the oscillationsw,,, is a quite independent and robust param- @ = V2b%(sin6y)?+ A2,
eter, leading to values which vary less than 4% using differ1n the standard CP experiment, two frequencies appear,
ent models. This allows one to determine the heteronucle%here the observable one is
coupling b with small error. The homonuclear coupling,
however, is much more sensitive to the relation between the  wcp= (@t @¢p)/2, (24)
oscillatory and asymptotic regimes and so more depende%th
on the model and the extent of the experimental data. To
clearly see this fact, we notice that the frequency and attenu- . (d+4A)? )
ation factorf given in Eq.(7) are the fitting parameters that Wep™ T+2b '

yield b and d regardless of the model. The dependencies ] ] ]
between these parameters and the couplings are The other modulating frequency is too low to be observed in

the presence of relaxation. Although it is difficult to quantify

b/2m=(1W2)(wc/2m)VT, the exact magnitude af, we can see that the effect of the
mismatch is greater fow, ¢ than forw.,, where there is a
d/27T:(4/K)(wcp/2,n-)1/(1_f ). (21  partial compensation between the two contributing frequen-

CieSwCip. This explains whyw, = w,, for the carbons in the
In the cases studied herkjs always bigger than 1/2. Then, aromatic part, in contrast with E¢23).
the error inf (approximately 2% and 5% for the experiments For carbons irradiated on resonan(ediphatic part, the
in the smectic and nematic phases, respectjvaffectsb  values of the fitted parametebsandd obtained from stan-
less thard. Taking into account that the CP frequensy, is  dard CP experiments can be compared with the parameters
the best parameter, fitted with an error below 2%, we cambtained from the LG CP. In the latter case, the parameter of
assign the error of the other parameters of interest. Thus, thaterest isw, ¢ . Then,b is obtained in a direct way from
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FIG. 5. Effective homonucleard{27) and heteronuclearb{27) dipolar
couplings for carbons in the alkyl chain obtained from the LG and standar:
CP experiments performed at 311.5(kematic phase

expression22) andd can be obtained comparing, ¢ with
the corresponding value af., at the same temperature. Us-
ing both experimentg] is calculated from

N e
d= ; wcp— W (25)

The values ofd calculated in this way withc=1 (aliphatic
carbon$g can be compared with those obtained by fitting Eq

Chattah et al.

tained from the two methods. As expected, excellent agree-
ment can be observed for the valuesbofThe novel meth-
odology to estimatal values yields good results within an
error of around 20%, which could be easily improved by
taking data at longer times. Although there are few experi-
mental measurements of these homonuclear couplings, those
obtained directly from théH spectra are in good agreement
with the values obtained here.

With regard to the relaxation of the system in the CP
experiments, we can observe an anisotropic behavior, quan-
tified by the ratiose®R, /R, > 1, for both phasetsee Fig. 6.
Besides, we note that there is an important difference be-
tween the behaviors of the nematic and smectic phases. In
the nematic phase, the anisotropy can be explained with a
purely dipolar model. The average anisotropy factor for all
carbons in the molecule is ¢41). In contrast, in the smectic
phase the factow?R,/R, >4 reveals a highly anisotropic
behavior for most of the carbons. This can be appreciated in
Fig. 3, where the amplitude of the first maximum is higher
than the following ones, especially for the aliphatic carbons.
This fact is not observed in nematics, giving support to the
purely dipolar anisotropy. Different factors can produce this
high anisotropy. One could bl ; inhomogeneity; another
could be an actual system size larger thg® Although both
Jactors would effectively increase the anisotropy, the effect
should be comparable in both phases. Moreover, we have not
observed such anisotropy ratios in solid molecular crystals,
under the saméi; inhomogeneity. Alternatively, the large
anisotropy observed in the smectic phase could originate
from the lack of fast fluctuations in this more rigid phase,
which would prevent the application of the extreme narrow-
ing approximation. If we depart from this approximation and
assume that the spectral densiti¢6) andJ(X/2), although
different between them, are approximately constant in an in-
terval of width 2w.,, our calculations indicate thd&, is
proportional to J(0), while R, «J(X/2). Since usually

(19) to the standard CP data—i.e., coming from a singlel(0)>J(%/2), this could explain the higher anisotropy in

experiment.

the smectic phase, where motion is more constrained than in

Table Il displays the values of the homonuclear and hetthe nematic phase.
eronuclear couplings for the aliphatic carbons obtained from
the standard CP experiment and combining this with the LG/- CONCLUSIONS

CP performed at the same temperature. Figure 5 allows for

the comparison of thé3C—'H and *H-'H couplings ob-

10+ /-
ﬁ —H—R, Smectic °
T —0— o’R, Smectic /
X 84| —=— R, Nematic ° o
» —e— «’R, Nematic o
b4
3 6 \ o)
o ®
8 o\ \
T o
c 4] o
:g o—0—0-—0 0O
[
3 2o .\
[ A m-N_g
7<E N
& Ef!'éﬂ ., D\E‘/- O~g—g

C(3)C2)C@) CB) o« B v 6 ¢ ¢ n

FIG. 6. Relaxation factora®R, andR, obtained by fitting the standard CP
data to the anisotropic modgEq. (19)].

In this work, we presented®C—'H cross polarization
experiments which, complemented with detailed spin dy-
namics calculations, allowed us to obtain separately the
homonuclear and heteronuclear dipolar couplings, $1sys-
tems. The reliability of the obtained values was tested with a
direct measurement of the heteronuclear couplings using CP
under Lee—Goldburg conditions. Comparing both experi-
ments we can conclude that LG CP is better for directly
determining'3C—'H couplings without measuring for long
contact times. However, the standard CP allows one to obtain
homonuclear couplings in addition to the heteronuclear cou-
plings. This experiment is also useful to get further informa-
tion of the system such as the sources of relaxation.

On the other hand, from the theoretical analysis of the
I,S dynamics, we recognized two different time scales for
the decoherence behavior given Ry and R, . Moreover,
the CP data showed that the rate of attenuation of the oscil-
lations is much faster than the rate of polarization transfer

Downloaded 26 Jan 2009 to 141.30.233.246. Redistribution subject to AIP license or copyright; see http://jcp.aip.org/jcp/copyright.jsp



J. Chem. Phys., Vol. 119, No. 15, 15 October 2003 Quantum dynamics during cross polarization 7951

from the bath. This anisotropy could be explained in the 8z.L. Madi, B. Brutscher, T. Schulte-Herbggen, R. Bfschweiler, and R.
nematic phase by assuming a purely dipolar interaction be;Emst. Chem. Phys. Let68 300 (1997).
tween the three-spin system and the bath within the extremg?-S- Waugh, Mol. Phy5, 731(1998.

i imati : W.H. Zurek, Rev. Mod. PhysZ5, 715 (2003.
narrowing approximation. In the smectic phase, however, the, urek, Rev. Mod. Phy (2003

. . . D. Sakellariou, P. Hodgkinson, and L. Emsley, Chem. Phys. P88.110
anisotropy is much more pronounced and it seems that the;ggg.

approximation of rapid fluctuations in the bath is not appro-2k. schmidt-Rohr and H.W. Spiessiultidimensional Solid State NMR and
priate. A slow-motion regime, controlled by the spin dynam- Polymers(Academic Press, London, 1996
ics of the bath, would lead to a better agreement with thé’L. Miiller, A. Kumar, T. Baumann, and R.R. Ernst, Phys. Rev. L&21.

experimental observations without resorting to other mecha1-41402(1974"
. hich operate in both phases. R. P.ratlm.a and K.V. Rama[]athar.n J. Magn. Reson. SEX&\7 (1996.
nisms w 153, Hirschinger and M. HefveSolid State Nucl. Magn. ResoB, 121
(1994).
6B M. Fung, A.K. Khitrin, and K. Ermolaev, J. Magn. Reson., Sefl4®,
We acknowledge the ECOS-SUD Argentine-France 001797 o

” . - . A. Abragam,The Principles of Nuclear Magnetis(tlarendon Press, Ox-
operation program. Financial support was received from foq, 1963,

Fundacim Antorchas, CONICET, FoNCyT, and SeCyT- k. Blum, Density Matrix Theory and Application®lenum Press, New
UNC. P.R.L. and H.M.P. are members of the Research Ca- York, 198).
reer and A.K.C. a Postdoctoral Fellow of Fundaciéntor-  '°R-R. Emst, G. Bodenhausen, and A. WokaRrinciples of Nuclear Mag-

. netic Resonance in One and Two Dimensi¢@gford University Press,
chas. G.A.A. is a Doctoral Fellow of CONICET. Oxford, 1987.

20p, Reinheimer, J. Hirschinger, P. Gilard, and N. Goetz, Magn. Reson.
1G. salis, Y. Kato, K. Ensslin, D.C. Driscoll, A.C. Gossard, and D.D. Aw-  Chem.35, 757 (1997).
schalom, NaturéLondon 414, 619(200D; A.V. Khaetskii, D. Loss, and  2IA K. Chattah, F.M. Cucchietti, M. Hologne, J. Raya, and P.R. Levstein,
L. Glazman, Phys. Rev. Let88, 186802(2002. Magn. Reson. Chem0, 772 (2002
2 ; . ' ’
N.A. Gershenfeld and I.L. Chuang, Scier2e5 350(1997; D.G. Cory,  22p v pong, Nuclear Magnetic Resonance of Liquid Crysté&pringer,
M.D. Price, and T.F. Havel, Phys. Rev. I20, 82 (1998; C.H. Bennett New York, 1997
and D.P. Di Vincenzo, Naturé_ondor 404, 247 (2002. 23 ' ’
. . CJR.C I, J.W. Emsley, N.J. Heaton, and G.R. Luckurst, Mol. Phys.
SW.K. Rhim, A. Pines, and J.S. Waugh, Phys. Rev. L2%.218 (1970. or a7 ((l’;g;e msiey, eaton, an uckurst, Mol. Fhys
4S. Zhang, B.H. Meier, and R.R. Ernst, Phys. Rev. L&®.2149(1992. 2de ) ) -
5M. Ernst, B.H. Meier, M. Tomasselli, and A. Pines, J. Chem. Phg8 B. Stevensson, A.V. Komolkin, D. Sandstrom, and A. Malianik, J. Chem.

ACKNOWLEDGMENTS

9611(1998; Mol. Phys.95, 849 (1998. oo Nys. 114, 2332 (200D, ,

°P.R. Levstein, G. Usaj, and H.M. Pastawski, J. Chem. Pbgg, 2718 B.M. Fung, C. Poon, M. Gangoda, E.L. Enwall, TA.D. Diep, and C.V.
(1998; G. Usaj, H.M. Pastawski, and P.R. Levstein, Mol. PH§5.1229 Bui, Mol. Cryst. Liq. Cryst.141, 267 (1986.

(1998. 263, caldarelli, M. Hong, L. Emsley, and A. Pines, J. Phys. Ch&6Q,
"H.M. Pastawski, P.R. Levstein, and G. Usaj, Phys. Rev. 7t.4310 18 696(1996.

(1999; H.M. Pastawski, G. Usaj, and P.R. Levstein, Chem. Phys. Lett.?’C.P. Slichter,Principles of Magnetic Resonana&pringer, New York,
261, 329(1996. 1992.

Downloaded 26 Jan 2009 to 141.30.233.246. Redistribution subject to AIP license or copyright; see http://jcp.aip.org/jcp/copyright.jsp



