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Combination of comprehensive investigations of the spin-lattice relaxation rate of proton and low temperature
15N-CP/MAS NMR spectrum provides unique information of proton dynamics in two interacting NHO hydro-
gen bonds of solid N,Ndi(2-hydroxy-1-naphthylmethylene)-p-phenylenediamine (DNP). It was evidenced
from the 'H-NMR relaxation measurement that tunneling mechanism operates for the proton transfer in the
hydrogen bonds. The tunneling phenomenon is closely related to the very small energy differences among the
four tautomeric states accompanied with the proton transfer in the two NHO hydrogen bonds. The very small
values of the energy difference, in spite of the chemically asymmetric NHO hydrogen bond, were revealed by
the 1>N-CP/MAS NMR spectrum. This is a unique character of solid DNP. It was also suggested from the de-
rived energy scheme of the four tautomers and activation energies of the proton transfer that an interaction ex-
ists between the two NHO hydrogen bonds linkedmdglectronic molecular frame. This means that the infor-
mation of one NHO hydrogen bond, i.e. OH-form or NH-form, propagates to the other hydrogen bond and
the proton transfer in the first hydrogen bond induces the change of the potential function for the proton

transfer in the second hydrogen bond.
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1. Introduction Interacting Hydrogen Bonds

Salicylideneaniline derivatives have attracted consider-
able attention because of their thermochromic or photo-
chromic properties [1]. The mechanism of these processe
has been assigned to proton transfer processes in \@n:}‘m
NHO hydrogen bonds of these molecules [2]. As these
bonds are part of an electronically quasi-conjugated net-
work, proton transfer between oxygen and nitrogen in-
duces a change of the electronic state i.e. to a color
change.

Particularly interesting is the case of salicylideneaniline
derivatives exhibiting two NHO proton transfer units
which interact through the quasiconjugated network. In
these cases, proton transfer from oxygen to nitrogen atdfig. 1
in one hydrogen bond giving rise to a change of the |OC§chematicview of interactinghydrogenbonds. Information of one
electronic structure can also change the potential for t éfdrogenbondpmpagatem the otherhydrogenbond
proton motion in the second NHO-bond as depicted sche-

matically in Fig. 1. Depending on a humber of parametert?tle compound N, Ndi(2-hydroxy-1-naphthylmethylene)-

such as molecular structure, crystal structure and tempere}bhenylenediamine (DNP, Fig. 2) exhibiting two interact-

ture the proton transfer may occur either by ground sta ﬁg NHO-proton transfer units was, therefore, performed

or vibrationally assisted tunneling through the barrier %ecause of the following reasons. Firstly, such systems

may proceed over the barrier. Correlated double proton - . . i
transfers in NHN hydrogen bonds have also beed'® interesting models for the study of the interacted tun

observed in a number of other dyes using liquid [3] anEleling and classical motion of two protons in different
. arts of a molecule. Secondly, the understanding of these
solid state [4, 5] NMR spectroscopy, where thes®

rocesses are, however, not associated with color chang stems may help to construct new materials exhibiting

P T » : gntseresting electronic properties based on the proton mo-

as the electronic properties of the various tautomers are

very similar. The present solid state NMR study of the A'S indicated in Fig. 2, the NHO hydrogen bonds of
DNP are not linear but slightly bent, where the -NO

*) Corresponding author (E-mail: stakeda@chem. gunma-u.ac.jp, distance is remarkably short, i.&(N---0)=0.2537 nm
Fax: (+81) 277301380) [6]. The difference Fourier map determined by X-ray dif-
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Fig. 2

Structureof DNP molecule.Insertis the differencesynthesisof the
electrondistribution determinedby X-ray diffraction experiment6],

showing the delocalizationof the hydrogenatom in the hydrogen
bond

fraction at room tempeature indicaes considerale delo-
calizaton of proton in the NHO hydrogenbonds and the
proton transferseens to occur in this crystal Nearedge
X-ray absorption fine structure (NEXAFS) spectoscopy
atthe N K- and O K-edgesand X-ray phaoelecton spec-
troscy (XPS)in the N1s and Olsregionsalsoindicaed
the existenceof both OH and NH forms of the hydrogen
bond [7]. Thus, the DNP crystalis a good candidae for
investgating preciselythe dynanics of the proton transfer
and the possibleinteraction betweenthe hydrogenbords.
The proton transfer dynamics was investgated by the
measirementsof relaxationrate of *H-NMR and *>N-CP/
MAS NMR technijues.Prelirinary resultof the **N-CP/
MAS NMR hasbee published [8]. In this pape the pre-
cise discusions are presergd from the combhnation of
the relaxation rate of *H-NMR and the chemical shift of
°N-CPMAS NMR.

2. Experimental

2.1 Materials

The methals of preparabn of the material and the
crystal structurehawe beenrepored [6]. Doubly **N la-
beledDNP was prepaed by condenstion of *°N,-p-phen-
ylenedaminewith 2-hydroxy1-naphthjaldehyde[8].

2.2 ®N-CP/MAS NMR Measuremert at Very Low
Temperatues

I°N-CPMAS NMR spectrm of DNP was measured
with different two spectromeers. In Betin the **N-CP/
MAS NMR measiremens were performed between
130K and400K at the resonane frequencyof 9.12 MHz
for 1N [8].

The >N chamical shift at very low temperaturewas
measired with Bruker DSX 400 spectroneter equpped
with a low temperatureCPPMAS NMR probe (Doty Pen-
guin proke) at Institute for Molecular Sciene (IMS),
Okazak, Japan Sample spinnirg rate was between2.0
and 3.7 kHz and morethan 2 kHz was achieed at 26 K.
Driving and bearhg gas was helium gas which was di-
rectly suppliedfrom the liquid helium vesselto the CP/
MAS probe with maintining manually the pressire at
ca.0.3 bar The tempeaturewas controlledautonatically.
After the temperaturdecamestableat the setpoint, time
periad of ca. 30 minuteswastakento estaltish the homo-
geneus tempeature around the sample.This procedure
avoidal the artificial hyseresis of the chemcal shift
betwea the measuremntsin the directin of decreasig
andincreaing temperéure. Fluctuation of the tempeature
was lessthan £+2 K for eachset temperatureThe ther
momeer of the Pengin probe was not calibraed by
NMR methal, since no appopriate refererce materid is
known As we discussin the next secton, the plot of all
the datashowedno apparet gap betweenthe shift values
measired with the two NMR probes.Other expeimental
condifons for Penguinproke are 40.55MHz resonance
frequery for *°N, 15us n/2-pulse 2 ms CP time, 1 (26
K) to 80 (306 K) scanson averag and 8 to 300 s for re-
petition time. The chemicalshift was measuredfrom the
solid *>NH4CI (95% N enriched. The chemicalshift of
NH,CI is located at —3412 ppm from liquid nitro-
methane [9]. For the expeiment with low tempeature
CP/MAS probe '°N-glycine (-347.5 ppm from liquid
nitromethanewasusedasan internalreference.

2.3 'H-NMR Relaxation Measurement

The pulverizd specmen was dried undervacuumand
was sealedsff into glass ampul with helium gas of
20 mmHg for the heat exchange The spintlattice relaxa-
tion rate T1* of protonwas deerminedby n/2-train<-m/2
pulse seqence at resonane frequerties of 18 and
37MHz. The temperature was kept constant within
+0.2K for each set temperatureand was measired by
calibraed Chromé-p-constatane and Au(Fe)}chromel
thermaouples.

3. Experimental Results
3.1 >™N-CP/MAS NMR

Isotopic shift of *>N-CPMAS spectrm of DNP ap-
pearedat 183 ppm at 306 K andthe peakstrondy shifted
toward the lower field 233 ppm (calibratedvaluesas de-
scribed later) when the tempeature was decresed to
26K asdepictal in Fig. 3. The isotropic shift was distin-
guishedfrom the spiming side bandsby use of several
spinnirg speed as usual. The observe value 233 ppm
for >N at lowest temperaturds almostcompatitle with
the non-protonatd sp? nitrogenatan [10-12], indicating
thatthe OH-form is more stablethanthe NH-form for the
hydrogen bonds.
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15N CP/MAS NMR of DNP
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I5N-CP/MAS NMR spectraof DNP measuredvith Bruker DSX 400
spectrometeand Doty PenguinProbe.The chemicalshift was mea-
suredfrom *N-enrichedNH,CI. **N-enrichedglycine was usedas
an internal reference.The isotropic chemical shift was identified
from the spinningside bandsby usingdifferentspinningratesandis
indicated by iso. The chemicalshift was corrected(see into text,
Sect.(3.1)). Small shoulder which appearedabove 224 K, was at-
tributedto artificial origin, sincethe spectrummeasuredvith Bruker
CP/MAS probeat room temperatureshowedno shoulder
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Temperaturalependencef the shift of >N of DNP and of "*Br of
KBr measuredvith Doty Penguinprobe.The shift valuesare setto
zeroat 306 K. Solid curveis the bestfit for the shift of "°Br of KBr,
showing the trial function that 6 (“°Br)=10.73+439.9/T-6.0410°2
xT+7.09%107°xT? ppm. Broken curve is the secondterm +439.9T
ppm which was attributed to the shift inducedby paramagnetisrof
the probe, while chainedcurve representghe contributionof other
termsof the abovetrial function

Unfortunately the NMR lines of every sanple mea-
suredwith the Penguinprobeexhibited artificial low field
shift effectdueto paramgnetismof a materialusedfor con-
structng the probe.Thusthe chemicalshift datawere cor-
rectedin the low temperatureegion. The low field shift

T5N-CP/MAS NMR of DNP
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Temperaturalependencef *®N chemicalshift of DNP. [J, raw data
measuredvith Doty Penguinprobe; @, calibratedvaluesof ] (see
into text, Sect.(3.1)); O, measuredn Berlin with CP/MAS probe
for conventionaltemperaturgegion. Solid curveis the resultof cal-
culation basedon the bestcompromisebetween®N chemicalshift
and T;* of proton and the parametersre listed in the final column
of Table 1. The shift was measuredrom **N-enrichedNH,ClI

wascalibraedby usingtheshift of “*Br spectum of pulver
izedKBr sampleunder the sameexperimentalkcorditionsas
thosefor DNP. The observe chemtal shift of the “Br
obeys a trial function, J("°Br)=10.73+439.01-6.0710"
2xT+7.09<10°xT? ppm as shownin Fig. 4, where raw
dataof the shifts § (“°Br) of KBr andd (**N) of DNP were
setto 0 ppmat306K andT is theabsdute temperatureThe
secom term +439.9m ppm, which dominates at very low
tempeature,is not expectedfor the diamayneticKBr sam-
ple andwasassimedto a contiibution from a paramagetic
materid of the Penguinprobe. Magnetzation of the para-
magneéic materid which obeysCurie law, induces addi-
tional magneticfield at the samplepostion. Thuswe sub-
tractel the term of Curie law (+4399/T ppm) from the
raw dataof the chemi@l shift of ®N-DNP in ppm scale
and obtaired the correctedshift (Fig. 5). The theemometer
of the Pengin probe was not calibraed as describedin
the expeimentd secton. Howe\er, the plot of all dag
showed no apparentgapbetwea the shift valuesmeasured
with the Penguin probeat IMS Japanand thosewith the
probe equippedwith the precsely calibraed thermomegr
in Bedin as shownin Fig.5. Thus we used these shift
values for an estimate of the set of enegy differences
amongthe tautomes. It is noted that the chemtal shift
varies largely below 100K, suggestig the very small
valuesof the enagy differences.

3.2 H-NMR Relaxation

The magnetizion recowery curve was describedby a
single exponetial function for all temperaturesvithin ex-
perimettal eror. Thus, the spin tempeatureis estafished
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Temperaturadlependencef the spin-latticerelaxationrate of proton
of DNP: @, measureat 18 MHz; O, at 37 MHz. Solid and broken
curvesin bold type arethe resultsof calculationfor 18 and 37 MHz,
respectively basedon the best compromisebetweenT;* of proton
and >N chemical shift and the dynamic parametersobtained are
listed in the final column of Table 1. Dotted (18 MHz) and chained
(37 MHz) fine curvesare the bestindependenfit to T;* of proton
(seeinto text, Sect.(5), andthird columnof Table1)

betwea the protonin the hydrogenbond and other pro-
tons presentin the crystd. The dynanmics of protonin the
hydrogen bord can be directly determned from the ob-
served T1* curve. The temperature dependenceof the
spin-ttice relavation rate T7+ of proton of DNP at 18
and 37 MHz is shownin Fig. 6, in which two maxima of
T1* appearednea 25 and 200 K. Both maximawere as-
signedto the transfermotion of protonsin the NHO hy-
drogen bonds.The obseved frequencydepadenceof T1*
can not be expained by classical motion of proton and
the slopeof T1* is very smdl. Theseresuls sugges the
guantum mechanicaltunneling of proton in the unequal
double minimum potentals. This point is consideed for
the following model

4. Model of Proton Transfer Dynamicsin a Couple
of Asymmetric NHO HydrogenBonds

In this secton we constructa mode for the analysisof
tempeature depaxdenceof N chemial shift and *H-
NMR relaxation rate T1%.

The combhation of the two possble forms, the OH
andNH forms, of the two hydroger bordsin a DNP mol-
eculemay leadto four tautomericforms, i.e. {OH, OH},
{OH, NH}, {NH, OH} and{NH, NH}, which are num-
bered| through IV in orderas shownin Fig. 7. Two of
the four tautomers{OH, NH}, and{NH, OH} are prob-
ably the sameor very closely locatedin enegy evenin
the solid stae, since a crystallograpical inversion sym-
metry exists at the centerof the moleaile [6]. The differ-
ential Fouiier map of X-ray diffraction indicatesthe delo-
calizaton of proton and slightly large populatio for the
OH form [6]. The OH form is more stablestae than the

NH form, which is corsistentwith the obsevation of the
chemtal shift of >N descrbed above. The modelof pro-
ton transferdynamicsgiven in Fig. 7 is, therefaoe, em-
ployed In this model, the two tauomers,{OH, NH} and
{NH, OH} are assured to be degeeratein enegy, and
there are three enegeically different staes. The proton
dynanics in DNP canbe expresse by two kinds of reac-
tion coordinatesu; and u, asshown in Fig. 7. The figure
depict a double minimum potentialfor eachreactionco-
ordinak togetherwith tunnding rates k; andk,, andclas-
sical jumping rates, o and . The proton tunnelng in
DNP is a similar phenomeon to thatin carbxylic acid
dimers and we employed the phononassistedtunneling
modelproposedoy Skinnerand Trommsdaff [13].

4.1 Temperature Depencenceof the 1N Chemical Shift

A sinde and sharpsignal was obseved for DNP in all
tempeatureregion investigatd as descrbed in Sect.3.1.
The exchangerate is much larger than the differenceof
the cheamical shifts of four tautomes. In this casethe
avera@d shift d,,4 for eachof the two nitrogenis given
by,

Oavd = 01 X1 + 011 X11 + 01 X1 + Orv Xy

(1)

where

(2)

The quantities 6; andx; (i=1 through IV) arethe chemcal
shift and relaive populdions for the differenttautomerd
through IV shown in Fig. 7. Supposingthat OH- and
NH-form of the hydrogen bond respetively give the
sameshift evenin the different tautomersye obtan,

X1+ x4+ xm + Xy = 1.

0 (A),vq = 90H X1 + Jdon X11 + ONH X111 + ONH X1V (3)
and
0 (B),vq = d0om X1 + OnNH X11 + ONH X111 + OOH X1V (4)

respedtely, for the two nitrogen atomsN, (right hand
side of the moleculein Fig. 7) andNg (left handside)in
a molecule. X-ray diffraction expgimentindicaed the in-
version symmety to exist at the centerof the moleaile,
suggesing that two of the four tautomersll and IV are
equivdent or very closdy locatedin enegy. We also as-
sumetha x, =Xy andd;, =d,y both for the OH-form and
NH-form for the simplicity. Then following relation can
be obtainedfor the shift of the obsenred sigral, dops

Oobs =0 (A)avd =9 (B)
= don X1 + (Oon + Onn) X11 + ONH X111

B oon (1 + e*Dl/RT) + Onp e D/RT (1+ e*Dz/RT)
a 1 + e D1/RT (2 4 e=D2/RT)

avd

(5)
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where D, and D, are the enegy difference betweenl
and Il (IV) and betweenll (IV) andlll, respedtely, as
shown in Fig. 7. The notaton of OH-form correspods to
non-potonatedsp’ nitrogen atom of which the intrinsic
chemcal shift is desgnatedasdon, while NH-form corre-
spondsto sp® nitrogen atom and the intrinsic chemtal
shift is designagd by oyn.

4.2 Derivation of the Formula of T for the Four-Site
Exchangein Unequal Potential Wells

The spin-lattce relaxation of the protonin the hydro-
genbord is dominatedby the dipole interacion between
the proton (I spin) and **N nudeus (S spin), becaise the
distane betwveenH and N in the hydrogenbond is very
short compaed with the distancesbetweenthe protonin
the hydrogenbond and other protonspresentin the crys-
tal. The spin-latice relaxation formula for the proton dy-
namics in the unequa poterial wells is derived from the
geneal expressionof the spin relaxation[14-20]. Details
of the formuation are describedin Appendx in the last
secton of this pape:.

The spin-attice relaxdion rate of proton (I spin) is
given by,

3
T () = m - S(S+1) > Ay - By (7)), (6)
=1

herethe funcion B! (¢)) is the powerspectum for unlike
spinsandis descriked by [21, 22]

BEII) (t7) =J (t7,0n — oN) + 3J (17, 01)

+6J (17, 04 + ON) (7)

and
J(t,0) =1/(1+ 7 0?). (8)
The coeficient m in Eq. (6) derotesthe fraction of the
proton spinstha directly relax due to the motion among
all the proton spins presen in the crystal. The value m
equds 2/20 for DNP. S is the nuclearspin of N (S=1).
Notatiors wy and wy are the Larma frequeries of the
protonand N, respedvely. Herewe nedectedthe effect
of nuclearquadrupte splitting of **N. The detailel deri-
vation of Eg. (6) and expressin of the coeficients A| yn
are presentedn Appendx (the coeficient A py is repre-
sentel by A in Apperdix for gereralities).
Therearethreekinds of relaxationcorrelaion times, 74,
7o and 73, all of which are fundions of classicaljumping
rates(a, f, o' andf’), tunnelng rates(ks, kp, k1 andk3),
and population differenceqP, Q),

o= PWi+ W,
1
75! =3 {P+2) W+ 20+ 1) W2 + 5}

73! :%{(P+2) Wi+QQ+1)W,—S}

where

P=exp (D/RT)

0=exp (Ds/RT)

S=\{(PE2) W1 +(20+ 1) W2 =8 W, W(PO+20+1)
(10)

The transtion rates(proton transferrates)from stableto
metasable stak, W, and W,, can be approximéed by a
sum of classtal jumping rates,a and f, and tunneling
rates,k; andk, [13],

Wi =a+ k
(for {OH,OH} — {OH,NH},
{OH,OH} — {NH,OH})

Wy =p+ks
(for {OH,NH} — {NH,NH},

{NH,OH} — {NH,NH})

where

a=agexp(—A1/RT),
B =Py exp(—42/RT),
k1 :klo/{exp (D]/RT) — 1},

kgzkzo/{exp(Dz/RT>— 1} (12)

The reverg transferratesare expresse asfollows,

Wi =d +kj
(for {OH,NH} — {OH,OH},
{NH,OH} — {OH,OH}),
wy =B +k
(for {NH,NH} — {OH,NH},
{NH,NH} — {NH,OH}), (13)
where
d =aP,
B =po,
Ky =kP,
Ky = k0. (14)

Relations in Eq. (14) satisfy the detailel balancecondi-
tion. The quantities A; and A, expressthe potertial bar
rier hight in the limit of classi@al approximabn, whereas
they representhe activaion enegiesin practice The ori-
gin of the potential barrier for the proton transferin the
solid stateis closely relatel to whatis the reacton coardi-
natefor the protontransfe motion in the hydrogenbond
in the solid stae. The subsanceof the obsenable activa-
tion enegy hasnot yet beenclaified but is beingin dis-
cussia.
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Tablel
Parametersf protontransferin the hydrogenbond of DNP for the calculationsof the chemicalshift of *>N and the spin-latticerelaxationrate
of proton
15N-Chemicalshift 'H-Relaxation H-Relaxationand
(bestindependenfit) (bestindependenfit) 15N-Chemicalshift (bestcompromise)
Enengy difference D, 1.4 kJ/mol 0.4 kJ/mol 0.75kJ/mol
D, 0.3 kJ/mol 0.9 kd/mol 1.5kJ/mol
Activation enegy A - 2 kJ/mol 2 kJ/mol
Ao - 10 kd/mol 8 kJ/mol
Classicalate do - 4x10% st 1x10t st
Bo - 1x10° s 1x10° st
Tunneling kio - 1.1x10° st 3.0x1f st
koo - 9.0x10" st 1.0x10° st
NH distancé) OH-form - 0.159nm 0.159nm
NH-form - 0.113 nm 0.110 nm
15N Chemicalshifty ~ OH-form 235ppm 271ppm 246 ppm
NH-form 107 ppm 73 ppm 87 ppm

¥ The distributionof hydrogenatomin the NHO hydrogenbond wasfound by X-ray diffraction experimentBut the coordinateis not so pre-
cisethat we can calculatethe dipole interactionaccurately The shorterNH distancewas chosento fit the observedT;* maximumwithin the

experimentakrror of the X-ray diffraction.

By 15N chemicalshift wasmeasuredrom *°N-NH,CI. The chemicalshift of *N-NH,Cl is locatedat —341.15ppm from liquid nitromethane.

The coeficient A py is the structuredependenterm of
the dipole interactionand the term which is a function of
the transition rate and the population differencesamong
the tautomergAppendix). This coeficient was calculaed
by using the structual paramegrs of the NHO hydrogen
bond. The distributian of hydrogenatomin the NHO hy-
drogen bord was found by X-ray diffracion experinent.
But the coordinae is not so precke that we can calalate
the dipole interactionaccuratel. The value of A N sensi-
tively dependson the shorterNH distance(ryy) and is
nearly proportional to rygy. Thus the shorterNH distance
was chose to fit the observedT1! maximumuwithin the
rangeof expeimental error of the X-ray diffraction. We
usedthe NH distanceof 0.159 nm for the OH form and
the angle of 5°, which is determinedby the two N —H
vectorsof the OH and NH forms of the hydrogenbond.
The NH distanceof 0.110 or 0.113 nm was usedfor the
NH form depending on the fitting proceduregTable 1).
Theseparametrs are consisteh with the crystal structue
of DNP [6].

Before discusing the calculdion of T7* andthe proton
transferdynamics in the DNP crystd, we shorty com-
ment the three kinds of correlaion times of the spin re-
laxation givenin Eqg. (9). If we considerthe limiting case
that W;>W,, i.e. the proton transfer{OH, OH} - {OH,
NH} and {OH, OH} - {NH, OH} are much fasterthan
{OH, NH} - {NH, NH} and{NH, OH} -~ {NH, NH}, the
correlaton tims canbe appraimatedby simpleforms,

Tl_l QJPW]
5~ (P42) W

f;w%(zgﬂ)wz. (15)

Thenthe following relaion holds,

‘L'I_IN‘L'Z_I >>‘L'3_1.

(16)
Therebre two maxima of T1* are sepaately obsered in
this case.We usedthe original formula in Eq. (9) for the
correlaton times to calculatethe T;* of DNP.

5. Discussim

The enegy differencesamongthe tauuomersof DNP,
D, and D,, depiced in Fig. 7 were estmatedby least-
squaredfitting of Eq. (1) to the temperaturedependence
of the chemtal shift of >N plotted in Fig. 5. Freefitting
procedureleadsto severalsetsof four paraméers, dop,
onn, D1 and D,. The correcté chanical shift seens to
convege at abait 235 ppm in the low temperaturdimit.
Suppaing that the intrinsic chemcal shift of non-
protonded nitrogen atom do can be fixed to 235 ppm,
the bestfitting gawe the enegy differences,D;=1.4 kJ/
mole and D,=0.3 kJ/mde, and the chemial shift of
protonded nitrogen atom dny =107 ppm [8]. The fitting
erroris 0.1kJ/molfor D; andD, and2 ppm for dyn. It is
notewathy that the enegy differences among the
tautomes of DNP are very smdl in spite of the fact tha
the tautomersm is accanpaniedwith the proton transfer
in the chemicaly asymnetric NHO hydrogenbonds.For
most of compaindswith NHO hydrogen bondsreported
hitherb, the hydrogen atam is strongly trapped at the
oxygen atom site The very small enegy difference
betwea the OH- and NH-form of the hydrogenbondis a
remarlable propety of DNP molealle in the crystalline
state
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Fig. 7
Elementaryprocesseof the tautomerismand a model of proton
transferin the hydrogenbondsof DNP

Calculaion of T1* of proton by Egs. (6) through (14)
gave a godd fitting to the obseved temperatureand fre-
guencydependece. It wascondudedthatthe broadmax-
imum of T1* near25 K is manly inducedby the transt
tions {OH, OH} ~{OH, NH} and {OH, OH} - {NH,
OH}, while the maximun of T7 near200 K is induced
by the transtions {OH, NH} ~{NH, NH} and {NH,
OH} ~ {NH, NH}. The bestfitting for the T7* of proton
is shown by dotted and chainedfine curves for 18 and
37MHz, respetively and the derved paraméers of the
proton transfermotion are listed in the fourth column of
Table 1. The enegy differencesof D;=0.4 kJ/md and
D,=0.9 kJ/mol were obtaired [23]. These values are
slightly different from thoseestmatedindepadently from
the chemical shift of '°N, i.e. D;=14 kJ/md and
D,=0.3kJ/mol. If we usethe latter valuesfor calailating
the T7%, the maximum of T1! near25 K could newer be
reprodweed. It should be noticed that we enployed the
modek as simple as possibleboth for the analysisof the
chemtal shift and for T7X. An additonal mechanismof
the proton transfermotion, which was not takeninto ac-
countat presety, may leadto a setof comnon parametrs
for beter fittings of the theoretcal curvesto the observed
protonT7* and *>N chemtal shift. A possiblemechanism
is the direct exchange betweenthe two equivdent tauto-
mers, |l and1V, in Fig. 7. Sincethereis no enegy differ-
encebetweenthe two tautomerstunneing effect becanes
a driving force to induce the direct exchangebetveenll
and IV. The direct exchangeprocess gives an addtional
spin-atticerelaxationof proton, wherea this exchang in-
duces no effect on the tempeature dependace of the
chemtal shift of *°N. To includethe direct exchangepro-
cess,the numker of adjustdle parameersincreasesThus
we confine ourseles at presentto the modelas simple as
possible Within the framework of the preseh mode| the
enegy schemeandthe paramegrs of the protondynamics
were determinedon the basisof compromse of the two
fittings for the proton T1* and for the >N chemtal shift.
The result of the calculdion of the temperéure depen-
dene of the chemtal shift of *°N is shown by the solid

curvein Fig. 5. The solid and the broken curvesin bold
type defct the calculdions of T1* of proton for 18 and
37MHz, respectivly, in Fig. 6. The commonparamegrs
usedaresummarzedin the final column of Table1.

The derived rate constarg of proton tunnding in the
crystaline stateof DNP are comparale to thosereported
for severalcarbxylic acid dime's in the solid state[13,
24-26].1t is interesing to comparethe two different sys-
tems.In the caseof carboxylic acid dimerssuchas ben-
Zoic acid, the two proton tauomersare equivalentin the
isolatel stak, whereasthe protonis trappedin one of the
two configuraions in the crystaline phasedue to the an-
isotrqpy of the crystalline field. A balance betweenthe
destailization due to the moleculardeformatbn and the
stabilzation due to the lattice enegy determnesthe en-
ey differencebetwea the two tauomers.On the other
hand, it is consideed for the moleale with the chemi-
cally asymnetric NHO hydrogen bonds that major part of
the enegy differenceanmong the tautomersis contolled
by the m-electon structue of the molecule.The NH-form
of the hydrogen bond of DNP is corsiderafty stabilzed
compaed with other compaund with NHO hydrogen
bonds. For exampe, N,N’-bis(salicylidene)-p-pheaylene-
diamine (BSP) exhibited much larger enegy differences
among the tautomes [8]. In addition to the remarkable
charater of stallization of the NH form of the hydrogen
bond in the solid DNP, the following result should be
noted.

The two activdion enegies A; and A, of protontrans-
fer in NHO hydrogenbondsof DNP are significantly dif-
ferent from eachother as shownin Table 1. This result
suggess a significant interactionbetwea the two hydro-
genbondsin differentpart of a molecule In the first pro-
cessshownin the lower part of Fig. 7, the protonin one
hydrogen bond transfes from the oxygento the nitrogen
atom, during the other hydrogenbord is the “OH-form”.
The value of A; is 2 kJ/mol. On the other hand, in the
secoml processshownin the upperpartof Fig. 7, the pro-
ton transferfrom the oxygento the nitrogenatam, which
is the sameasin the first proaess,but in the secondpro-
cessthe otherhydrogenbord is the “NH-form”. This situ-
ation is different from the first process.The activation
enegy A, is almost8 kJ/mol, which is much larger than
A; (=2kJ/md). The potential enegy function of the
proton transfermotion in one hydrogenbornd remarkably
depends on what is the form of the other hydrogenbord,
i.e. OH- or NH-form. If thereis no interactionbetween
the two protons in different parts of a molecule, the
enepgy valuesand the rate corstantsfor the proton trans-
fer shoud neve be different betwea the upper and the
lower processesin Fig.7. This type of interaction be-
tweenthe hydrogenbords is very interestingin the view-
point of informaion transfer The informafon, i.e. OH-
form or NH-form, of one hydrogenbord propagatesto
the secondhydrogen bond and the potentialfunction for
the proton transfe in the second hydrogen bond is
charged.
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Appendix

The formulation that we apply to the four-site exchangeprocess
in unequalpotential wells is basedon an equationof motion with
stochastigrobability that governsthe exchanggrocesseamongthe
allowed states.The numberof enegetically nonequivalenttatesto
be takeninto accountis not limited in this treatmeniandthe spin re-
laxationformulafor complicatednulti-site exchangeprocesse un-
equal potentialwells can be easily formulated.The formulation ne-
glectsthe so-called“cross correlationeffect” [27, 28] or “symmetry
restrictedspin diffusion” [29, 30] in spin relaxation.The crosscorre-
lation is important for symmetrically arrangedmulti-spins such as
methyl group, ammoniumion, and methanemolecule,etc. On the
otherhand,the crosscorrelationeffect is not importantin the caseof
the hydrogen-bondedystem.Thusthe presenformulationis correct.
The formalismwas presentedy Prof. Gen Sodaof Institutefor Mo-
lecularScience Japanat first. Only a part of his work was published
[16, 18—20], since he suddenlydied in 1980 before the full paper
was completed.In this appendixhis formalismis presentecarticu-
larly for the motion in unequalpotential wells in Sects.(Al) and
(A2). His manuscriptwas partially rearrangedrom the viewpoint of
recentdevelopmentsThe formalismis appliedto our DNP systemin
Sect.(A3).

A.1 General Method for Formulating the Spin Relaxation
Induced by Molecular and Atomic Motions in Equal
and Unequal Potential Wells

For an isolateddipolar coupledtwo spinswith 1=1/2, the spin-
lattice relaxationrateis give by [31]

1

9
=3 P (@) + 77 2wn)),
1

(AT)
for like-spinand by

1 2
17

2
ﬁ* Sh S(S+1)

{5700 = 0x) 43 50 +5 70 +on)} (A

for | spin coupledwith unlike-spin S [21]. In generalwe have to
considerthe coupledequationfor the spin relaxationin the caseof
dipolar coupledunlike-spinsystem[21].

Howeverin our caseof DNP, the magnetizatiorof XN spinsis
very small comparedwith thatof *H spins.In this casethe crossre-
laxationterm of the coupledequationgives a negligible contribution
to the relaxationof proton magnetizatiorand the proton magnetiza-
tion can be approximatedby a single exponentialfunction as we
mentionedin Sect.(3.2). On the contrary crossrelaxationeffect will
affect spin relaxationof °N particularlyfor the cross-polarizatioex-
periment.

The powerspectral™ (w) of the fluctuatingrandompart (f ™ (t))
of the dipole coupling tensor (F™(t)) are defined by the Fourier
transformof the correlationfunctions,

= (" @1 (1)

= Re/ dr (e gp (7)) = =
0

where (- - -) meansthe thermalaveragingover an ensembleof spin
systemsand

T 6y = F™ (1) = (F™ (1)) . (Ad)
The power spectrasatisfythe relation

T (@) = T (0)* =T (—o) (AS)

which is provedfrom the symmetryrelation of the correlationfunc-
tions

g (1) =gm (-0)* =g m (-7). (A6)
The auto-correlatioriunction of F ™ 1) is
G (1) = (F™ (0) F™ (1)*) . (A7)

In the caseof powderedcrystalsor liquids, simplification arises
from the spatialaveragingover all possibleorientationsof the crys-
tallographicaxesrelative to the applied magneticfield. The power
spectravas provento satisfy[22]

(A8)

irrespectiveof the modesof motion responsmle‘or the spin relaxa-
tion, althoughthe analytical expressionf f™(t), and accordingly
Om(t), dependon the mode of motion modulating the dipole cou-
pling.

In the next step, a formulation is given of the auto- correlatlon
functions, G (t), andtheir Fouriertransform,power spectral™ (),
for generalmodel of the motion. The centralobjectiveof this work
is to calculatethe correlationfunctions G, (t) or the power spectra
J™(w) on an appropriatestochastianodelfor the motion. In typical
crystals,atoms and moleculesvibrate or librate about the potential
minima of quasi-equilibriumpositionsor orientationsfor someperi-
od of time beforejumpingto otherpositionor orientation.This jump
is assumedo be stochasticExceptfor the coherentotationaltunnel-
ing [32, 33], the spin relaxationdue to motionsof atomsand mole-
culeshasbeentreatedby stochasticmodel evenfor the phonon-as-
sisted proton tunnelingin unequaldouble minimum potential wells
[13]. It is notedthat the jumps are assumedo be instantaneouso
that the atom positionand molecularorientationare alwaysat one of
the quasiequilibriumsites. The residencetime is much longer than
the time neededfor a jump from one site to another This kind of
motion might be well describedas Markovian, characterizedy the
transition probabilities Py (). Py« (f) expresseshe probability that a
given inter spin vectorwhich wasat a sitej will be found at another
site k afterthe time t. Supposinghat the numberof possiblesitesis
finite and that the time-dependentandom dipole coupling tensor
F(t) takeson anyoneof n discretevalues (F,, F»,---, F,) corre-
spondingto the n differentsitesof the internucleavector the auto-
correlationfunction of F(t) in the thermodynamicequilibrium state
is written in termsof the transitionprobabilitiesPy (t),

ZP F Py (1

where the initial distribution over the sites is describedby the
weights (P9, PY, -, PY) and sumis takenover all possiblepairs of
sites. The jumping of a internucleavectorfrom the site j to the site
k is describedby the transitionprobability Py (t) which only depends
on thetime intervalt,

0= Pt

G(1)=(F(O)F ) FL (A9)

Prk (7) (A10)
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Assumingthatfor smallt(t=0),

Pi() =1~ /7,

Py (1) = pix - /7§ # k) , (A11)

the Chapman-Kolmogoloequationis rewrittenin the form of differ-
ential equation,

ij (t) = 7ij (t)/fk + Z ij ([)pmk/fm 5
m (#k)

(Al12)

wherer; is the residenceime at the sidej and py is the conditional
transition probability of the eventthat if a jump from site j occurs
during a smalltime intervalt thenit will takethe systemfrom site j
to k in a unit time satisfying

> k=1 (A13)

k(#)

Defining the matrix P (t) = (P (t)) andthe transitionmatrix D,
1 ik .

Dj=—, Dy=-"5(zK), (Al4)
T T

the differential Eq. (A12) is rewittenin a form of

P()=—-P(1)D. (A15)

We definea row vector &, = (P9, P, - - -, P?) where P? is the frac-
tional occupationat the site i underthermalequilibrium. The vector

&o is a uniquesolutionof the equationthat

& D=0. (A16)
Defining the columnvectorzg,
= , (A17)

the normalizationof the equilibriumdistribution ij’ is expressedby

S P =& =1 (A18)
i

and

Dy, =0. (A19)

A usual practicein defining the transitionmatrix D is to assumea
microscopicreversibility betweerthe sitesj andk,
P Dy = P} Dy, (A20)
in otherwords, the Onsagess reciprocalrelation for transitionprob-
abilitiesor the principle of detailedbalancebetweerthe two connect-
ing sites.This meansthat if we usethe matrix d connectedo D by
a similarity transformatiorV,

(A21)

it servesin place of D, becaused is symmetricand has a set of
eigenvaluesdenticalto that of the matrix D. It is easily provedthat
d is non-negativgpositive semi-definite)and the rank is (n-1). The
matrix d can be diagonalized into the eigen value matrix,
A(A1=0< A< A3<---<Ap) by aunitary transformatiorl,

UAd =duU. (A22)

Egs.(A16) and (A19) areequivalentwith

dvlyg, =0 (A23)

therefore

U= /P, (A24)
The formal solution of Eq. (A15) with initial condition

P(t=0)=E (unit matrix) is easilyfoundto be

P()=e P =V.U.e".0*.v~! (A25)

where U meansthe transposednatrix of U. Thereforethe n-site
exchangeprocesscan be describedby a set of (n-1) eigen values
thoughsomemay be equivalentin somecaseq18].

From Eq. (A9) the auto-correlatioriunction G(t) is now given by

G(1)=&FP()F*n
=iV IFUe M U*F*V-ly,, (A26)
whereF meansthe diagonalmatrix with the elementd=; =F;Jj.

Eqg. (A24) showsthat the contributionof the term with 4;=0 to
the correlationfunction G(t) is given by the squaredensembleaver
ageof therandomvariableF (t),
(F () =& Fmn. (A27)
Thereforethe auto-correlatiorfunction of the fluctuating part of the

dipole couplingtensordefinedby Eq. (A4), which is responsiblefor
the spin relaxation,is given by

(fO)Lf (%) = (F(0) F (1)*) = [(F (1))
= Z e Z \/PT) PJQ U Ui Fi F}
K 0

(A28)

In caseof powderedcrystals,the power spectrabecomeindepen-
dentof m (Eq. A8) afterthe spatialaveraging,

Fi(m) FT<m) _ 3

15 3 Fa(cos @),

(A29)

=L

where P,(2)=(32-1)/2 is the Legendrepolynominaland ©; desig-
natesthe mutualanglebetweenthe directionof the internuclearvec-

tor at the sitei andthatat the sitej. The valuer; representshe inter

nucleardistanceat the site i. Defining the factor A, which depends
on the geometryof the system,and the correlationtime zy4 of the

I-th “normal mode” of spin relaxationby

2 / /
A[IEZ P?HP}L <; Uik Uﬁ() ri’3rj’3P2 (COS -Qij) (A30)
L)

where the summationover k is taken for the same eigen values
A7 #£1; 471 =0), and

=47 (1#1), (A31)
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the spin relaxationrateis expressedby

=C Z A] ‘L'd

wherefor like-spin systemswith 1/2 spin C =2 y* 1% and B(z.) is
independentof the modesof atomic or molecularmotlon and is
definedby

(A32)

B(1) = (e;0) +4) (e, 20), (A33)
where
o0 /12 1
J (e ) = Re / ol o=t/ ff — 7 ;w2 ;=11 (A34)
0

The particularnatureof molecularor atomic motion is manifestedn
the factor Ay andthe correlationtime 7.
It is worth noting that[22]

S =l ) =5 (5 — waz) (A39)

where M, ield is the secondmomentof the resonancdine shape[34],
wid 3 C 1
rigid __ 2 (0) 2y~ 0 =
M =3 CUFT O =5 2 A 5 (A36)
which reducego [35]
3
M3 =3 C(F! g C Z P PO P2 (cos ) (A37)

in the presenceof motions fast enoughto satisfy 7. < (M) ~"/%.
Here the dipolar coupled like-spin 1/2 systemls consideredfor a

simple exampleandin this caseit holdsthat C = 4h Eq. (A35)
is the sumrule providedin Ref.[22],

1 o0
MY pge = P / T, (w)dow (A38)

when the spin-lattice relaxation rate is expressedn the form of
Eq.(A32). Thereforethe property of the asymmetryof the potential
wells can be obtainedfrom the secondmomentof the NMR absorp-
tion line.

For the dipolar coupledunlike spins| and S the longitudinalre-
laxationis describedby a coupleddifferential equationpertainingto
the respectivenagneticspecieq21],

AL = —T7' (1) - AL, — T7' (IS) - AS,

4
dr
d

AS, = —T; ' (SI)- AL — T, ' (SS) - AS, (A39)

dr

where Al = (I,)—1Iy and AS, = (S,)— S, arethe deviationsof the
respectivemagnetizationsfrom the equilibrium values. Using the
powerspectrundefinedin Eqgs.(A3) and(A4) the spin lattice relaxa-
tion ratesaregiven by

T () = 2 3 2 S (S + 1) [T (01 — ws) + 3D ()
+6J% (w; + ws)]
T (IS) =y s P 1 (1 + 1) [=J) (1 — ws)

+6J9 (0 + ws)]. (A40)

The expressiondor 7;7! (SS) and 7;"! (SI) are obtainedby inter
changingthe indices| and S of the aboveequationslin the caseof
powderedspecimenskEg. (A40) is givenin the forms of

T () =2 92 > S (S +1) Z A, B (zo)

Ty (IS) =y 55 Z A, B (za) (A41)
whereA, is the geometryfactordefinedin Eq. (A30) and

Bill) (tc) =J (Ae; 01 — @s) + 3 (e, 201) + 6 (A, 01 + w5)

By (te) = —j (e, 01 — @) + 6 (e, 01 + w5) . (A42)

The powerspectruny (4., w) is givenin Eq. (A34).

The formulationdescribedaboveis concernedvith the relaxation
due to the modulationof dipole coupling. Its generalizatiorto other
relaxation mechanismis straightforward.Spin relaxation rates are
given by the superpositionof the power spectraof the correlation
functions appropriatelydefinedfor eachrelaxationmechanism21].
The procedureof the calculationis exactly the sameas described
aboveand can be apply to the quadrupolecoupling, anisotropicnu-
clear magneticshielding (chemicalshift anisotropy),and spin-rota-
tion coupling. The detailsare given by Sodain his original manu-
script[36].

A.2 A Simple Example of Two-Site ExchangeProcessin Unequal
Potential Wells

The effects of asymmetryof the potentialdepthson the spin re-
laxation were pointed out in severalreports[14, 15, 37, 38]. The
formalism presentedaboveis quite generaland very useful for the
formulationof spin relaxationfor generalmulti-site exchangeprocess
in asymmetrigpotentialwells. Let us considerat first the simplecase
that a single proton pair is jumping betweenthe two orientationsor
siteswith asymmetricdouble well potentialsuchas the formulation
of spin relaxationdue to proton transferin carboxylic acid dimers
[13, 19]. In this case,the two potentialminima are designatedy |
andll, wherethe minimum | is deeperand correspondso the stable
conformation.The first stepof the derivationof spin relaxationfor-
mula is to constructthe transition matrix D in Eqg. (A14) and the
equilibrium populationvector&, in Egs.(A16) and (A18). Thoseare
given by

1 -1
D= W, (_a ) ) (A43)
and
1
& = (P1.Py) = 15, (@ 1), (A44)
where
Wit P agpr
=L AE/k A45
T Wion o P (A45)

is the populationratio of the two sitesand W,=W, _,;, designateshe
inverseof the residenceime at the site | which is more stablesite.
The transitionmatrix D canbe transformedo symmetricmatrix d,

d=Vv-'Dv, (A46)

where
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1/4/P) 0

V= ( VA ) (A47)

0 1/4/Ph

andmatrix d may be diagonalizedy the matrix U,
\JPY —\/ P

U= 1 1T ) (A48)
VPP

The matrix d hasnon-zeroeigenvalue of

A=Win+Wno1 = (1 + Ll) W, = ‘Cgl . (A49)

From Eqgs. (A30) through (A34), the spin-latticerelaxationrate due
to the motion betweenunequalpotentialwells is given by

T, = mCAB (z.) (A50)
where
Tc 41,
B =
(ze) l+w27:§+1+4w2‘r§
2 a 6, —6 2 3 -3
=— —{r°+r°+ (1 =3cos” O0)r;°r
5 (1+a) 1 1+ ( Vi )
q — ME/RT
' = (1+a)t;, exp(—E/kT). (ASD)

The valuer; denoteghe distancebetweenthe two protonsin thei-th
configurationand 6 is the anglebetweenthe proton-protonvector of
configurations | and Il [19]. Arrhenius relation 7! = 7_} exp
(—E,/kT) wasassumedor z_!. In the caseof phonon-assistetiin-
neling, z;! can be replaced by tunneling rate as Skinner and
Trommsdorf proposed[13]. The value m in Eq. (A50) designates
the fraction of protons directly relaxed among all of the protons
presentin the crystal, wherewe assumethat the spin temperaturas
valid. For the caseof r,=r,;, the formulationof spin-latticerelaxation
rate describedby Egs. (A50) and (A51) is exactly the sameas that
reportedby Andrew and Latanowicz[37].

A.3 Formulation of T, of DNP for the Four-Site Exchange
in Unequal Potential Wells

For DNP we considerthe four-site exchangemodel schematically
shownin Fig. 7. In this casedirect exchangeprocessedbetweenll
and IV andbetweenl andlll areneglectedTwo transitionrates(in-
verseof residencdime) arerepresentetty W; and W, for the transi-
tion from | to Il (I to IV) andfrom Il to lll (IV to lll), respectively
The transitionrateswere approximatedby a sum of classicaljump
rate and the rate of phonon-assistetlnneling[13]. Fractionaloccu-

pationat sitei is givenby P? (i=1, Il, lll, andlV) andit holdsthat
PO P+ P+ Py =1, (A52)
We assumethat P§; = P),, andthen
[ R —

Lo+ +17
m__ 0

T70o(P+2)+1’°

1
0
- - A

Py 0P+2) +1° (AS3)

where

n_Pn
= b =L —exp (Di/RT),
Py Py
Py _ Py
= ik = IV — exp (Do/RT),
P(I)II P?Il
"
PQ %:exp((Dl—i-Dz)/RT). (A54)
Thetransitionmatrix D is given by
2 W1 — W1 0 - Wl
—-PW, PWy+W, —-W, 0
D= , A55
0 —ow: 20w -—QW (A55)
*PWl 0 W2 PW] + W2

andit holdsthat & D = 0, where&, = (P, P, P}, Py) asshown
in Eqg. (A16). The matrix D canbe transformedo the symmetricone
asdescribedn Eqg. (A21) andwe obtain

20, -Wi VP 0 -Wi VP
d— —-W\VP WP+ W, —W,\/0 0 (A56)
0 -Wr O 2W2Q —Way0 |’
Wi VP 0 -Wy/O Wi P+ W
which canbe diagonalizeddy a unitary transformatiorlJ,
U=
/PO 0 201 VP (u=20W>) 201 VP (v=20W>)
PO+20+1 A B
\/T \ﬂ _(PWA W) u=2W W (PQ+D)  (PW+Wo)v—2W) W) (PO+1)
PO+20+1 2 A B
\/,7 0 203 1/Q (u=2W1) 20 1/0 (v=2W1)
PO20+1 A B
[0 \ﬁ (P W) u2W Wy (PO+L)  (PW+Wa)v—2W, W) (PO+1)
PO+20+1 A B
(AS57)
where

{(P+2)W + 20+ 1)Wr} + S
2 ,
{(P+2)W + Q0+ 1)} - S
3 ;

u=

S= \/{(P+2)W1 + (20 + D)W, )2 — 8W W (PQ +20 + 1),

A= \J =200 { (4= 20W2)? +4W20) +{(u— 201>+ 4PWEH(u — 20W2)

B= /(=201 {(v = 20W2)° + 420} +{(v — 2W1 )+ 4PWF} (v — 20W>)°.

(A58)
Thena setof eigenvalues/; is obtained,

A1 =0,

Ay = PWy + W,

A3 :% {(P+2) W+ 20+ 1) W, + S},

Ae=3 (P Wi+ 20+ 1) W~ 5), (A59)

and non-zeroeigen valuescorrespondo the inverseof the correla-
tion times,
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o = Ay = PWy + Wa,
1
7! =43 =5{(P+2) W1+ 20+ 1) W2+ 5},

13’1:A4:%{(P+2)W1+(2Q+1)W2—S}. (A60)

The coeficient A; in Eg. (A30) can be exactly calculatedby using
Ui, PP, andthe geometryof the DNP moleculedeterminecby X-ray
diffraction experiment.The analytical expressionof T7* (Il) repre-
sentedby Eg. (6) in Sect.(4.2) and by Eq. (A41) in this sectionis
complicatedandthe coeficients 4, were calculatechumericallyfrom
Eq. (A30).
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