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The temperature dependent solid stafé CPMAS NMR spectra of®N enriched salicylideneaniline deriva-

tives, N-salicylideneaniline (SA), N,Nbissalicylidene-p-phenylenediamine (BSP) and NJN2-hydroxy-1-
naphthylidene)-p-phenylenediamine (DNP) were measured in order to study possible proton transfer processes
in the NHO hydrogen bonds. For DNP a remarkable change of*tiehemical shifts of more than 50 ppm

was observed between 26 and 388 K by using the CPMAS NMR technique down to cryogenic temperatures.
The result clearly indicates very small enthalpy differences among the four tautormers associated with the
combination of two possible forms, OH and NH form, of the two NHO hydrogen bonds in a DNP molecule.

1. Introduction o -
o sA @JN@ 1T = 2 GJO
High resolution>N solid state NMR under conditions

of cross polarization (CP), magic angle spinning (MAS) -

and proton decoupling is a sensitive tool for the charactep o F{:}

ization of proton transfer in N---H---X hydrogen bonded Qﬂ“@”‘h--.o

systems [1-9]. In the second and millisecond time scale &R

the proton transfer can be detected by magnetization e = R R

transfer techniques [1] and line shape analysis [2—-4]. In Z 9 p. ng}

the micro- to nanosecond time scale rates of proton tran = ‘“@”Lo 2 e 4 QJ’N@N“- d

fer can be obtained by analysis of the longitudifiN T, LAY S

relaxation times [5] which complements the well estab- o

lished technique off; measurements by wide lingH Q_//N‘Q‘“/_@

NMR [10]. The latter has advantages, such as good signal PanS

to noise ratio for for most organic compound and capabiI—BSP:

ity to perform measurements in a very wide temperaturgg 1

range, particularly at very low temperature. By contrasktructureandreactionschemeof SA, BSPand DNP

CPMAS NMR experiments are usually very difficult be-

low 100 K. On the other hand, the advantage of high re-

solution®N CPMAS NMR is that the dependence BN  the tautomeric process have not yet been directly deter-

shifts on temperature provides detailed information aboutined as it is difficult to estimate the extinction coeffi-

equilibrium constantK and reaction enthalpies of solid cients of the different forms by UV/Vis-spectroscopy. For

state transfer from and to nitrogen [1-9]. These quantitied-salicylidenenaniline (SA) two tautomeric states may be

are very useful for minimizing the number of parameterformed interconverting by proton transfer in the NHO

needed for the analysis of the relaxation times revealirtgydrogen bond (Fig. 1a). Evidence for the formation of

the rate constants and the mechanism of the proton trafisur tautomeric states based on the proton transfer motion

fer, classical or quantal [10]. in two coupled NHO hydrogen bonds (Fig. 1b) has been
In this paper, variable temperatuteN CPMAS NMR  obtained by one of the authors for the cases of 'Mis-

was employed to detect possible proton transfer processicylidene-p-phenylenediamine (BSP) and Ng2-hy-

in salicylideneaniline derivatives (Fig. 1). The latter hadiroxy-1-naphthylidene)-p-phenylenediamine (DNP) from

been invoked in order to explain the thermochromism anghe analysis of the longitudindH NMR relaxation times

photochromism of this class of compounds [11-13]. Thisf the polycrystalline specimens [10, 14]. This analysis is

phenomenon might be used in the future for the develofpased on a theory of longitudinal dipolaH relaxation

ment of optical materials for molecular technology. Howcaused by stepwise double proton transfer involving four

ever, to our knowledge, thermal equilibrium constants afion-equivalent tautomeric states. Near-edge X-ray absorp-

tion fine structure (NEXAFS) spectroscopy at the N K-
S and O K-edges and X-ray photoelectron spectroscopy
*) Authors for correspondence. (XPS) of BSP and DNP in the N1s and O1s regions also
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indicaed the existerte of both OH and NH forms of the

NHO hydrogen bords [15]. Theseresultsincited us to try

to measue the equilibrium constats of the tautomericpro-

cessesn solid BSPandDNP by **N CPMAS NMR of the

>N labeledanalog. This methodhasbeenapplied by sone

of us in the case of tetranethyltearaaza(l4nnulene
(TTAA) [2, 7, 8] which also containstwo protons rapidy

exchanging among four inequivalent tautomeré states.
The'H T, measuementof polycrystalline DNP stronglyin-

dicatedthatthe enegy differenceamongthe tautomersare
very small[10, 14]. Thus,themeasiremenif *°N CPMAS

NMR hadto be extened to the very low temperaturae-

gion(ca.25K). This prodemcoud be solvedusirg acryo-

genicCPMASNMR probe.In thefollowing, we firstly de-
scribethe experimatal detaik and the formalism for ob-

taining equilibrium constats of four-site proton transfer
by *N chemial shift analysis.Then, the resuls obtaned
for SA, BSPand DNP arereportedand discused.

2. Experimental

2.1 Materials

1N labelal saligylideneaniline, doubly *°N labeled
BSP and DNP were preparecby cordensatia of **N-ari-
line or of **N,-p-pherylenedianne with salioylaldehyde
and 2-hydioxy-1-nathylalddyde, respedvely [16]. The
preparabn of °N,-p-pheylenedianine was carried out
along the methodanalogus to the previousy reported
onefor **N,-o-phenylenemine [6].

2.2 NMR-Measuremens

In Bedin, the >N CPMAS NMR measuremerst were
perfomed betwea 130 and 400K at 9.12MHz (2.1T
cryomagnet) using a Bruker CXP 100 NMR spectometer
equipped with a 7 mm Doty CP/MAS probe (DSI-163).
For the low temperaturaneasuremers, nitrogen gaswas
usedas bearng and driving gas and cooled by using a
home built-heatexchanger[17]. Contol of the tempera-
ture was achievel with a Bruker BVT-1000,a 4 Q heater
and a copperconstantae thermoouple. The tempeature
of the specmenwas determinedwith a calibratel Degus-
saPt-100thernometer

For the measurementof the *°N chemtal shifts of
DNP at cryogenic temperatureswe employeda Bruker
DSX 400 spectromeer equpped with a cryogenic-tem-
peratue CPMAS NMR probe (Doty Penguinprobe) at
the Institute for MolecularSdence(IMS), Okazakj Japan.
Sampe spiming of more than 2kHz was achievel at
26 K. Unfortundely, the NMR lines of all sanple mea-
sured with the Pengin probe showed an artifical low
field shift cortribution which we attributeto somemateri-
al used for corstructing the probe. Thus, the chemcal
shift datahad to be correctedin the low temperaturee-
gion. The low field shift was calibragd by usingthe shift
of "Br spectum of pulverized KBr obtaired under the
sameexperimental condiions as thoseusedfor DNP. The

obsened chemial shift of “°Br could be descrited by the
functon J(“°Br)=10.73+89.9M—6.07 10 2xT+7.09%10"
>xT? ppm.J (“°Br) wassetto 0 ppmat 306K and T is the
absolue tempeature. The secondterm +439.9T ppm,
which dominaes at very low temperaturejs unexpeted
for a diamagnéc KBr sampleand was, therefore, sub-
stractel from the raw *>N chemial shifts of DNP (in the
ppm scale).All chemtal shift valueswere refererced to
externalsolid *®°NH,CI (95% *°N enrichej).

3. Theoretica Section

In this secton we descrbe a modé of the tempeature
depaxdenceof >N NMR chemicalshifts for double pro-
ton transfes in a systen with two coupledNHO hydro-
genbords.

The four tautomeic staesi=1 to 4 shownin Fig. 1 are
charaterized by the mole fractions x. Two nitrogen
atomsN, and Ng in a molealle are charactdeed by the
intrinsic *°N chemtal shifts 6;(Na) andd;(Ng). In the re-
gion of fast excrangebetweenthe four tautomert staes,
the averaged>N chemtal shiftsé of an individual nitro-
gennudeusNp or Ng is given by
0 = X101 + X207 + X303 + X404 . (1)
The equilibrium constaits are given by the van't Hoff
equdion,

AG; AS;  AH;
Kij = xi/xi = eXp( B RTJ>_ eXp( R RTJ> ’
(2)

where AG; is the free reactionenthalpy R the gas con-
stant, T the absolutetemperatureAS; the reacton entro-
py and AH;; the reactionenhalpy Assumng that the in-
trinsic 1N chemtal shifts of BSP and DNP only depend
on whetherthe nitrogen atams are protonaéd or not, i.e.
ondnn anddy, it follows that

0™ = (x1 4 x4)0n + (X2 + x3)0Nm (3)

and

6% = (x1 + x2)0n + (X3 + X4)Onn - (3)

Two of the four taomers,2 and4 in Fig. 1b, may exhi-
bit similar free enegiesin the solid state,sincea crysta-
logrgphic inversion synmetry exists at the centerof the
moleaile both for BSP and DNP [14, 16]. Therebre, we
assume tha the two nitrogenatomsin a given moleale
areequivalen, i.e. alsothe two tautomer2 and4. In this
caseXx,=X4 andit follows tha

o= (SA = 5B = (x1 + XZ)(SN + (X2 + x3)5NH . (5)
Using the identity x;+Xo+Xa+Xs =X +2%+%3=1, it follows
by simplearithmeticthat
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0 =0N + ()C2 + x})(éNH —5N) . (6)

Insertirg the equilibrium constarts expresseddy Eq.(2)
into Eg. (6), we obtain

Kin(1+ K23)
1+ Ki2(2 + K23)

0 =0n+ (ONH — ON) - (7)

For the discussionof the measuredtemperature depe-
dene of the chemcal shift associatedwith the proton
transferin the NHO hydrogen bonds, we assumethat
AS; ~ 0 asusualfor intramolecularprotontransfes [1-9]
and tha the instinsic chemcal shifts, dyy and oy, are
tempeatureindependat. In this case,0 only depeds on
the four parametes AH1,, AHs3, oy anddy.

4. Resultsand Discussim

Fig.2 showsa collecion of varisble tempeature *°N
CPMAS specta of SA, BSPand DNP. In eachcaseonly
one signal was observed.The line width of SA is the
largestone, which coud suggest the presene of slightly
differentmolealesin the asymnetric unit or sone amor
phouscompaents.The sigral positionof SA is tempera-
ture independat and locatedat 257 ppm which is typical
for non-potonated sp-nitrogen atoms [1-9, 18, 19].
Therebre, for SA only the OH form can be detectd
usingthis method.

For BSP which is known to be thermochronic [16], a
chemcal shift of 234ppm is obseved at room tempera-
ture. A possibledependenceof this value asa function of
tempeaturecould not be detecte within the poar spectral
resoldion of ca. 10ppm as shownin Fig.2b. The reac-
tion enthalpiesAH;, and AH,3; were estimatedoy analy-
sis of the longitudnal relaxationtime T, of protonNMR,
supposig the exchangeprocessesanong the four tauto-
mers shown in Fig.1b [10]. The estimated values
AH1,= 4 kJ/mol and AH,3=8.5kJ/md predct chemtal
shift changesf almost15 ppm in the temperatureegion
betwea 163 and 320K, assunng intrinsic values
onn =110 ppm anddy=240ppm for BSP The estmateof
AH;, from the T; of *H NMR slightly dependson the as-
signment of the unknownrelaxationprocessn the lowest
tempeature region [10]. Some refinementof the model
usedfor the andysis of protonrelaxationtime may be re-
quired. For example,a dired exchange process between
quasidegeneratetautomes 2 and 4 coud reduce the
'HT, valueswhile this processdoesnot affect the tem-
peratue depadenceof the ®N chemtal shift.

In contiastto BSR the *°N sigral of DNP is sharpand
apparesat 183ppm at room temperature The remak-
ably high field shiftedstrondy indicaesan enhancedfor-
mation of the NH tautomers2, 3, and 4, even at room
tempeature, as comparedto BSP The peak strondy
shifts downfield whenthe temperatures decreass asde-
picted in Fig.2c. The chemtal shift values at different
tempeatures are listed in Tablel including the values
measired using the cryogenic tempeature CPMAS probe
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Fig.2

Variabletemperaturd®N-CP/MAS NMR spectraof (a) SA, (b) BSP
and (c) DNP measuredht 9.12MHz with 2 kHz spinningspeed ps
90° pulses,4 ms CP time, and 1000 scanson average The chemical
shift was measuredfrom the external reference of é)ulverized
NH,CI (0 (**NH,4Cl)=0 ppm). The chemical shift of **NH,CI is
locatedat —353ppm from liquid nitromethand18, 19]

betwea 26 and 306K. The shift values obtaned with
this probewere correctedas discusedin the expeimental
secton. The thermomeéer of the cryogent tempeature
CPMAS probe was not calibraed by any refaencesam-
ple, sincethereexistsno appr@riate refererce materid to
our knowledge The plot of all datashoweda good over
lap betwea the valuesmeasired usingthe cryogenictem-
peratue CPMAS probe at IMS Japanand thoseobtaned
in Berlin, asshownin Fig. 3.

The equlibrium constard Ki» and K,3 were estimated
by least-squarefitting of theexpeimentaldat to Eq. (7).
A freedatafit did notleadto a uniquesetfor the four pa-
rametes. Howeve, as indicaed in Fig. 3, the corrected
chemtal shift seemgo convege at abait 235ppm in the
low temperaturelimit. Sypposing that this value corre-
spondsto the intrinsic chemtal shift oy of the non-proto-
natednitrogenatom,a goad fit wasobtanedasshown by
solid curve in Fig.3 with the values AH,,=1.4kJ/md,
AH»3=0.2kJ/md and a chemcal shift of the protonaed
nitrogen atans oy =107 ppm. The enthalpy differences
amongthe tautomersof DNP are very smdl in spite of
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Tablel
1N chemicalshifts of polycrystallineDNP asa function of tempera-
ture

TIK  dlppm T/K  olppm T/K  dlppm T/K  dlppm
26 233.1% 100 208.9) 183 191.3) 295 183.3)
30.5 23219 125 201.1%) 192 190.2°) 300 183.2)
39  231.8) 125 199.3) 200 188.3) 306 182.5)
394 2325) 136 199.3%) 200 188.1%9 309 182.7°)
40 232.1%) 145 197.7°) 200 189.7°) 318 182.%)
50 22959 150 19549 210 188.6°) 328 182.%)
57 22619 150 194.59) 224 186.3) 338 181.6")
575 227.3) 151 196.6°) 225 187.0°) 347 181.6")
69 221.09 158 1955’ 233 186.5°) 358 181.19
785 21719 172 192.9) 249 184.4) 369 181.19
80 2153 175 190.6) 250 185.27) 380 180.6°)
99 207.3) 175 191.4%) 255 1854°) 388 180.6")
99  209.3) 175 191.7) 269 184.3)

? Datameasuredt IMS, Japan(seein text of experimentakection).
®) Dataobtainedin Berlin, Germany

2601
€

2 240
LDZ

“ 2201
2001
180+

100 200 300 400 500
T/K

Fig.3

15N chemicalshift of DNP as a function of temperatureSolid line

was calculatedusing Eq.(7). The chemicalshift of nonprotonated
nitrogen atom was fixed to the value of dy=235ppm and other

parametersAH;,=1.4kJ/mol, AH,3=0.2kJ/mol and dyy =107 ppm

wereobtainedby non-linearleast-squaredtting

the fact that the tautomerisnis as®ciatedwith the proton
transferin chemcally asymnetric NHO hydrogenbonds.
This is a remakable property of DNP. A similar result
was obtaired from the analysisof the proton relaxation
time T, together with an eviderce of proton tunnelingin
the NHO hydrogenbords [10, 14].

5. Conclusions

We have shown that >N CPMAS NMR was able to
detecta solid stateproton tautomeism of DNP as postu-
lated by Takedaet al. [10, 14]. Moreover only one line
was obseved for DNP, indicatirg the enegetic equiva-
lence of the two tautomericforms 2 and 4 in Fig.1. In
the caseof BSP the presen >N NMR methdl is not sen-
sitive enoughto detectpotental tautomericstaes as the
lower detectionlimit is of the orderof a few percenm.

15N chemcal shift analyss of DNP in a very wide tem-
peratue region downto 26 K with cryogenic >N CPMAS
NMR leadsto a crudeestmateof the enhalpy differences
betwea thetautomert states 2 and1, andbetwea 3 and2
depicedin Fig. 1. We notethatthe knowledgeof theaccu-
rate enthapy differencevaluesenalles us to descrile the
precisetempeaturedepedenceof the *°N chemial shifts
of DNP. Thus, DNP coud be usedas a temperaturestan-
dardfor cryogenic *®N CPMAS NMR in the future.

In addition, we are planning two setsof expegiments.
One set involves >N NMR expaiments basedon the
tempeaturedependat dipolar *>N-D coupling [9] for ob-
taining furtherinformaton abaut the proton and deuteron
positions in the hydrogen bonds of salicylideneaiiine
derivatives. The other one involves **®N T; measuremerst
which comdementthe H relaxationexpaiment [20].
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schaft,Bonn/Bad Godesbeag and the Fondsder Chemischerindus-
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