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The temperature dependent solid state15N CPMAS NMR spectra of15N enriched salicylideneaniline deriva-
tives, N-salicylideneaniline (SA), N,N'-bissalicylidene-p-phenylenediamine (BSP) and N,N'-di(2-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 the15N chemical 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

High resolution15N solid state NMR under conditions
of cross polarization (CP), magic angle spinning (MAS)
and proton decoupling is a sensitive tool for the character-
ization of proton transfer in N···H···X hydrogen bonded
systems [1–9]. In the second and millisecond time scale
the proton transfer can be detected by magnetization
transfer techniques [1] and line shape analysis [2–4]. In
the micro- to nanosecond time scale rates of proton trans-
fer can be obtained by analysis of the longitudinal15N T1

relaxation times [5] which complements the well estab-
lished technique ofT1 measurements by wide line1H
NMR [10]. The latter has advantages, such as good signal
to noise ratio for for most organic compound and capabil-
ity to perform measurements in a very wide temperature
range, particularly at very low temperature. By contrast,
CPMAS NMR experiments are usually very difficult be-
low 100 K. On the other hand, the advantage of high re-
solution15N CPMAS NMR is that the dependence of15N
shifts on temperature provides detailed information about
equilibrium constantsK and reaction enthalpies of solid
state transfer from and to nitrogen [1–9]. These quantities
are very useful for minimizing the number of parameters
needed for the analysis of the relaxation times revealing
the rate constants and the mechanism of the proton trans-
fer, classical or quantal [10].

In this paper, variable temperature15N CPMAS NMR
was employed to detect possible proton transfer processes
in salicylideneaniline derivatives (Fig. 1). The latter had
been invoked in order to explain the thermochromism and
photochromism of this class of compounds [11–13]. This
phenomenon might be used in the future for the develop-
ment of optical materials for molecular technology. How-
ever, to our knowledge, thermal equilibrium constants of

the tautomeric process have not yet been directly deter-
mined as it is difficult to estimate the extinction coeffi-
cients of the different forms by UV/Vis-spectroscopy. For
N-salicylidenenaniline (SA) two tautomeric states may be
formed interconverting by proton transfer in the NHO
hydrogen bond (Fig. 1a). Evidence for the formation of
four tautomeric states based on the proton transfer motion
in two coupled NHO hydrogen bonds (Fig. 1b) has been
obtained by one of the authors for the cases of N,N'-bis-
salicylidene-p-phenylenediamine (BSP) and N,N'-di(2-hy-
droxy-1-naphthylidene)-p-phenylenediamine (DNP) from
the analysis of the longitudinal1H NMR relaxation times
of the polycrystalline specimens [10, 14]. This analysis is
based on a theory of longitudinal dipolar1H relaxation
caused by stepwise double proton transfer involving four
non-equivalent tautomeric states. Near-edge X-ray absorp-
tion fine structure (NEXAFS) spectroscopy at the N K-
and O K-edges and X-ray photoelectron spectroscopy
(XPS) of BSP and DNP in the N1s and O1s regions also
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Fig. 1
Structureandreactionschemeof SA, BSPandDNP



indicated the existence of both OH andNH forms of the
NHO hydrogen bonds [15]. Theseresultsincited us to try
to measure theequilibrium constants of thetautomericpro-
cessesin solid BSPandDNP by 15N CPMAS NMR of the
15N labeledanalogs.Thismethodhasbeenapplied by some
of us in the case of tetramethyltetraaza(14)annulene
(TTAA) [2, 7, 8] which alsocontainstwo protons rapidly
exchanging among four inequivalent tautomeric states.
The1HT1 measurementof polycrystallineDNPstronglyin-
dicatedthattheenergy differencesamongthetautomersare
verysmall[10, 14]. Thus,themeasurementof 15N CPMAS
NMR had to be extended to the very low temperaturere-
gion (ca.25K). Thisproblemcould besolvedusing acryo-
genicCPMASNMR probe.In thefollowing,we firstly de-
scribethe experimental details and the formalismfor ob-
taining equilibrium constants of four-site proton transfer
by 15N chemical shift analysis.Then, the results obtained
for SA, BSPandDNP arereportedanddiscussed.

2. Experimental

2.1 Materials
15N labeled salicylideneaniline, doubly 15N labeled

BSPandDNP werepreparedby condensation of 15N-ani-
line or of 15N2-p-phenylenediamine with salicylaldehyde
and 2-hydroxy-1-naphthylaldehyde, respectively [16]. The
preparation of 15N2-p-phenylenediamine was carried out
along the methodanalogous to the previously reported
onefor 15N2-o-phenylenediamine [6].

2.2 NMR-Measurements

In Berlin, the 15N CPMAS NMR measurements were
performed between 130 and 400K at 9.12MHz (2.1T
cryomagnet) using a Bruker CXP 100 NMR spectrometer
equipped with a 7 mm Doty CP/MAS probe (DSI-163).
For the low temperaturemeasurements, nitrogengaswas
used as bearing and driving gas and cooled by using a
home built-heatexchanger[17]. Control of the tempera-
ture was achieved with a Bruker BVT-1000,a 4X heater
and a copper-constantane thermocouple. The temperature
of the specimen was determinedwith a calibrated Degus-
saPt-100-thermometer.

For the measurementof the 15N chemical shifts of
DNP at cryogenic temperatureswe employeda Bruker
DSX 400 spectrometer equipped with a cryogenic-tem-
perature CPMAS NMR probe (Doty Penguinprobe) at
the Institute for MolecularScience(IMS), Okazaki, Japan.
Sample spinning of more than 2 kHz was achieved at
26 K. Unfortunately, the NMR lines of all sample mea-
sured with the Penguin probe showed an artifical low
field shift contribution which we attributeto somemateri-
al used for constructing the probe. Thus, the chemical
shift datahad to be correctedin the low temperaturere-
gion. The low field shift wascalibrated by using the shift
of 79Br spectrum of pulverized KBr obtained under the
sameexperimentalconditions as thoseusedfor DNP. The

observed chemical shift of 79Br could be described by the
function d (79Br)=10.73+439.9/T–6.07×10–2×T+7.09×10–

5×T2 ppm. d (79Br) wasset to 0 ppm at 306K andT is the
absolute temperature. The second term +439.9/T ppm,
which dominates at very low temperature,is unexpected
for a diamagnetic KBr sampleand was, therefore, sub-
stracted from the raw 15N chemical shifts of DNP (in the
ppm scale).All chemical shift valueswere referenced to
externalsolid 15NH4Cl (95% 15N enriched).

3. Theoretical Section

In this section we describe a model of the temperature
dependenceof 15N NMR chemicalshifts for doublepro-
ton transfers in a system with two coupledNHO hydro-
genbonds.

The four tautomeric states i =1 to 4 shownin Fig. 1 are
characterized by the mole fractions xi. Two nitrogen
atomsNA and NB in a molecule are characterized by the
intrinsic 15N chemical shifts di(NA) and di(NB). In the re-
gion of fast exchangebetweenthe four tautomeric states,
the averaged15N chemical shifts d of an individual nitro-
gennucleusNA or NB is given by

d � x1d1 � x2d2 � x3d3 � x4d4 : �1�

The equilibrium constants are given by the van’t Hoff
equation,

Kij � xj=xi � exp

�
ÿ DGij

RT

�
� exp

�
DSij

R
ÿ DHij

RT

�
;

�2�

whereDGij is the free reactionenthalpy, R the gas con-
stant,T the absolutetemperature,DSij the reaction entro-
py andDHij the reactionenthalpy. Assuming that the in-
trinsic 15N chemical shifts of BSP and DNP only depend
on whetherthe nitrogen atoms are protonated or not, i.e.
on dNH anddN , it follows that

dA � �x1 � x4�dN � �x2 � x3�dNH �3�

and

dB � �x1 � x2�dN � �x3 � x4�dNH : �3�
Two of the four tautomers,2 and 4 in Fig. 1b, may exhi-
bit similar free energies in the solid state,sincea crystal-
lographic inversion symmetry exists at the centerof the
molecule both for BSP and DNP [14, 16]. Therefore, we
assume that the two nitrogen atomsin a given molecule
areequivalent, i.e. alsothe two tautomers2 and4. In this
case,x2=x4 andit follows that

d � dA � dB � �x1 � x2�dN � �x2 � x3�dNH : �5�

Using the identity x1+x2+x3+x4=x1+2x2+x3=1, it follows
by simplearithmeticthat
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d � dN � �x2 � x3��dNH ÿ dN� : �6�
Inserting the equilibrium constants expressedby Eq.(2)
into Eq.(6), we obtain

d � dN � K12�1� K23�
1� K12�2� K23� �dNH ÿ dN� : �7�

For the discussionof the measuredtemperaturedepen-
dence of the chemical shift associatedwith the proton
transfer in the NHO hydrogen bonds, we assumethat
DSij&0 asusualfor intramolecularproton transfers [1–9]
and that the instrinsic chemical shifts, dNH and dN, are
temperatureindependent. In this case,d only depends on
the four parameters DH12, DH23, dNH anddN.

4. Resultsand Discussion

Fig. 2 shows a collection of variable temperature 15N
CPMAS spectra of SA, BSP and DNP. In eachcaseonly
one signal was observed.The line width of SA is the
largestone, which could suggest the presence of slightly
differentmolecules in the asymmetric unit or some amor-
phouscomponents.The signal positionof SA is tempera-
ture independent and locatedat 257ppm which is typical
for non-protonated sp2-nitrogen atoms [1–9, 18, 19].
Therefore, for SA only the OH form can be detected
usingthis method.

For BSP which is known to be thermochromic [16], a
chemical shift of 234ppm is observed at room tempera-
ture.A possibledependenceof this valueasa function of
temperaturecould not be detected within the poor spectral
resolution of ca. 10ppm as shown in Fig. 2 b. The reac-
tion enthalpiesDH12 andDH23 were estimatedby analy-
sis of the longitudinal relaxationtime T1 of protonNMR,
supposing the exchangeprocessesamong the four tauto-
mers shown in Fig. 1b [10]. The estimated values
DH12= 4 kJ/mol and DH23=8.5kJ/mol predict chemical
shift changesof almost15 ppm in the temperatureregion
between 163 and 320K, assuming intrinsic values
dNH =110ppm anddN =240ppm for BSP. The estimateof
DH12 from the T1 of 1H NMR slightly dependson the as-
signment of the unknownrelaxationprocessin the lowest
temperature region [10]. Some refinementof the model
usedfor the analysis of protonrelaxation time may be re-
quired. For example,a direct exchangeprocess between
quasi-degeneratetautomers 2 and 4 could reduce the
1HT1 valueswhile this processdoesnot affect the tem-
perature dependenceof the 15N chemical shift.

In contrast to BSP, the 15N signal of DNP is sharpand
appeares at 183ppm at room temperature. The remark-
ably high field shiftedstrongly indicatesan enhancedfor-
mation of the NH tautomers2, 3, and 4, even at room
temperature, as compared to BSP. The peak strongly
shifts downfield when the temperatureis decreased asde-
picted in Fig. 2c. The chemical shift values at different
temperatures are listed in Table1 including the values
measured using the cryogenic temperatureCPMAS probe

between 26 and 306K. The shift values obtained with
this probewerecorrectedasdiscussedin the experimental
section. The thermometer of the cryogenic temperature
CPMAS probewas not calibrated by any referencesam-
ple, sincethereexistsno appropriatereference material to
our knowledge. The plot of all datashoweda good over-
lap between the valuesmeasuredusingthe cryogenictem-
perature CPMAS probe at IMS Japanand thoseobtained
in Berlin, asshownin Fig. 3.

The equilibrium constants K12 and K23 were estimated
by least-squaresfitting of theexperimentaldata to Eq.(7).
A freedatafit did not leadto a uniquesetfor the four pa-
rameters. However, as indicated in Fig. 3, the corrected
chemical shift seemsto converge at about 235ppm in the
low temperaturelimit. Supposing that this value corre-
spondsto the intrinsic chemical shift dN of the non-proto-
natednitrogenatom,a good fit wasobtainedasshown by
solid curve in Fig. 3 with the valuesDH12=1.4kJ/mol,
DH23=0.2kJ/mol and a chemical shift of the protonated
nitrogen atoms dNH =107ppm. The enthalpy differences
amongthe tautomersof DNP are very small in spite of
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Fig. 2
Variabletemperature15N-CP/MAS NMR spectraof (a) SA, (b) BSP
and(c) DNP measuredat 9.12MHz with 2 kHz spinningspeed,9 ls
908 pulses,4 ms CP time, and1000scanson average.The chemical
shift was measuredfrom the external reference of pulverized
15NH4Cl(d (15NH4Cl)=0 ppm). The chemical shift of 15NH4Cl is
locatedat –353ppm from liquid nitromethane[18, 19]



the fact that the tautomerismis associatedwith the proton
transferin chemically asymmetric NHO hydrogenbonds.
This is a remarkable property of DNP. A similar result
was obtained from the analysisof the proton relaxation
time T1 together with an evidence of proton tunnelingin
the NHO hydrogenbonds [10, 14].

5. Conclusions

We have shown that 15N CPMAS NMR was able to
detecta solid stateproton tautomerism of DNP as postu-
lated by Takedaet al. [10, 14]. Moreover, only one line
was observed for DNP, indicating the energetic equiva-
lence of the two tautomericforms 2 and 4 in Fig. 1. In
the caseof BSP, the present 15N NMR method is not sen-
sitive enoughto detectpotential tautomericstates as the
lower detectionlimit is of the orderof a few percent.

15N chemcial shift analysis of DNP in a very wide tem-
perature region down to 26 K with cryogenic 15N CPMAS
NMR leadsto a crudeestimateof the enthalpy differences
between thetautomeric states 2 and1, andbetween 3 and2
depictedin Fig. 1. We notethattheknowledgeof theaccu-
rate enthalpy differencevaluesenables us to describe the
precisetemperaturedependenceof the 15N chemical shifts
of DNP. Thus,DNP could be usedas a temperaturestan-
dardfor cryogenic 15N CPMAS NMR in the future.

In addition, we are planning two setsof experiments.
One set involves 15N NMR experiments basedon the
temperaturedependent dipolar 15N-D coupling [9] for ob-
taining further information about the proton and deuteron
positions in the hydrogen bonds of salicylideneaniline
derivatives.The other one involves 15N T1 measurements
which complementthe 1H relaxationexperiment [20].
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schaft,Bonn/BadGodesberg and the Fondsder ChemischenIndus-
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Table1
15N chemicalshifts of polycrystallineDNP asa function of tempera-
ture

T/K d/ppm T/K d/ppm T/K d/ppm T/K d/ppm

26 233.1a) 100 208.9a) 183 191.3b) 295 183.3b)
30.5 232.1a) 125 201.1a) 192 190.2b) 300 183.2b)
39 231.8a) 125 199.3a) 200 188.3a) 306 182.5a)
39.4 232.5a) 136 199.3b) 200 188.1a) 309 182.7b)
40 232.1a) 145 197.7b) 200 189.7b) 318 182.2b)
50 229.5a) 150 195.4a) 210 188.6b) 328 182.2b)
57 226.1a) 150 194.5a) 224 186.3a) 338 181.6b)
57.5 227.3a) 151 196.6b) 225 187.0b) 347 181.6b)
69 221.0a) 158 195.5b) 233 186.5b) 358 181.1b)
78.5 217.1a) 172 192.9b) 249 184.4a) 369 181.1b)
80 215.3a) 175 190.6a) 250 185.2a) 380 180.6b)
99 207.3a) 175 191.4a) 255 185.4b) 388 180.6b)
99 209.3a) 175 191.7a) 269 184.3b)

a) Datameasuredat IMS, Japan(seein text of experimentalsection).
b) Dataobtainedin Berlin, Germany.

Fig. 3
15N chemicalshift of DNP as a function of temperature.Solid line
was calculatedusing Eq.(7). The chemical shift of nonprotonated
nitrogen atom was fixed to the value of dN =235ppm and other
parametersDH12=1.4kJ/mol, DH23=0.2kJ/mol and dNH=107ppm
wereobtainedby non-linearleast-squaredfitting
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