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Abstract: The tautomerism in solid phase was studied by near-edge X-ray absorption fine structure (NEXAFS)
spectroscopy at the K- and OK-edges and X-ray photoelectron spectroscopy (XPS) in the N1s and Ols regions
for five N-salicylideneaniline derivativesN,N'-disalicylidene-1,6-pyrenediamine (DSPYY,N'-disalicylidenep-
phenylenediamine (BSHY-(2-hydroxy-1-naphthylidene)-1-pyrenylamine (NPX)N'-di(2-hydroxy-1-naphthylidene)-
p-phenylenediamine (DNP), and the complex between DNP and 7,7,8,8-tetracyanoquinodimethane (DNP-TCNQ).
The NEXAFS spectral features were assigned by (1) the comparison with the core excitation spectra of reference
compounds and (2) ab initio MO calculations of the core-excited states by the improved virtual orbital method using
the relaxed HartreeFock orbitals. The tautomeric structures were deduced by the intensity of peaks characteristic
of the tautomers in OH- and NH-forms. The XPS spectra gave structures consistent with those by NEXAFS and
also allowed quantitative estimation of the relative tautomer populations. The results range from the dominance of
the OH-form in DSPY and BSP to a comparable mixture of the OH- and NH-forms in DNP and DNP-TCNQ.
These structures are consistent with the previous estimation by X-ray diffraction (XD), except for DNP-TCNQ where
XD suggested the NH-form dominance. The good correlation of the population by XPS with-tBeb6nd length

by XD supports the present conclusion for DNP-TCNQ. These results demonstrate the usefulness of NEXAFS as
well as XPS for studying the tautomerism in hydrogen bonded systems.

1. Introduction

N-Salicylideneaniline (SA) derivatives have long attracted @—/ :

attention due to their uniqgue asymmetric intramolecular hydro- OH-form
gen (H-) bonds (&H:-*N),2~4 which often cause a double
minimum potential well along the H atom coordinteAs a
result, some SA derivatives show tautomerism by proton transfer _@
from oxygen (OH-form) to nitrogen (NH-forn)%8 as shown G:/

in Figure 1.

Such proton transfer causes the change instkedectron
system. For using such compounds as electronically functional
materials, Inabe and co-workér? studied the H-bonded  structure of various SA derivatives by X-ray diffraction (XD)
: : and infrared absorption (IR) spectroscopy. They concluded that
2 Abstract published idvance ACS Abstractsune 1, 1997. (i) the tautomerism ranges from pure OH-form to almost pure

(1) (@ Nagoya University. (b) Photon Factory. (c) Institute for 9—11 .. . "
Molecular Science. (d) The University of Tokyo. (e) Housei University. NH-form®~*tand (i) H-bonded structure is sensitively affected

NH-form
Figure 1. Tautomerism inN-salicylideneaniline.

(f) Hokkaido University. by the intermolecular charge-transfer (CT) interacti$r?
204(1? gggin, M. D.; Schmidt, G. M. J.; Flavian, $.Chem Soc 1964 These results showed that the electronic and the protonic states
3) Bregrﬁan, J.; Leiserowitz, L.; Schmidt, G. M.JJChem Soc 1964 are actually stron_gly_ CO”P'ed- .
2068-2085. However, ambiguity still remains even about the structure.
) c()‘é)) Bregman, J.; Leiserowitz, L.; Osaki, K. Chem Soc 1964 2086- The position of the proton has been estimated by XD using
100.
(5) Tayyari, S. F.; Zeegers-Huyskens, Th.; Wood, BhectrochimActa (9) Inabe, T.; Luneau, |.; Mitani, T.; Maruyama, Y.; Takeda,Bsull.
1979 35A 1289-1295. Chem Soc Jpn 1994 67, 612-621.
(6) Barbara, P. F.; Rentzepis, P. M.; Brus, LJEAm Chem Soc 1980 (10) Inabe, TNew J Chem 1991, 15, 129-136.
102 2786-2791. (11) Inabe, T.; Okaniwa, K.; Okamoto, H.; Mitani, T.; Maruyama, Y.
(7) Higelin, D.; Sixl, H.Chem Phys 1983 77, 391—400. Mol. Cryst Lig. Cryst 1992 216, 229-234.
(8) Hoshino, N.; Inabe, T.; Mitani, T.; Maruyama, Bull. Chem Soc (12) Inabe, T.; Hoshino-Miyajima, N.; Luneau, |.; Mitani, T.; Maruyama,
Jpn 1988 61, 4207—4214. Y. Bull. Chem Soc Jpn 1994 67, 622-632.
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Scheme 1 and it is interesting to apply it to the present more complex
O—H 0 H o H systems. The analyses of the NEXAFS spectra provided a rather
—§_//N—___' [-g_/‘u— -— 4\§_/>|«_ ] clear picture about the tautomeric structures, demonstrating the
usefulness of NEXAFS for investigating the tautomerism. The
relative population of the OH- and NH-forms could be also
neutral structure  zwitterionic structure deduced from the XPS spectra. Preliminary report about
OH form NH form

NEXAFS was published in ref 21.

D-synthesis$; 13 but this method cannot give the definite position 2. Experimental Section

due to the small X-ray scattering factor. The IR results were . licviid iline derivatives in Fi g
t definite eitheP;10-12since OH and NH stretching bands were Five N-salicylideneaniline derivatives in Figure 2a were used.

no ! They areN,N'-disalicylidene-1,6-pyrenediamine (DSPYJ,N'-disali-

blurred by the broadening due to H-bond formation. Thus cyijidenep-phenylenediamine (BSP)-(2-hydroxy-1-naphthylidene)-
studies by other reliable method have been desired. 1-pyrenylamine (NPY),N,N'-di(2-hydroxy-1-naphthylidene)-phe-
Near edge X-ray absorption fine structure (NEXAFS) spec- nylenediamine (DNP), and the complex between 7,7,8,8-tetracyano-
troscopy is a recently developed method, which examines innerquinodimethane (TCNQ) and DNP (DNP-TCNQ). All the materials
shell electron excitations to various vacant stafest offers were synthesized and purified as reported previotil.'* The
information about chemical bonding around the excited atom. Egr:%(f)utﬂgi epf;?g;Tgrs’:‘;;(shat“éfet;’\’?a**;S%Z‘igdcz‘?‘lﬂié Eg;g%g’gbif‘z'
Also we can use the selection rules for 1s excitdtichat the : ! : : u ! 1€
excitation is allowed only when (1) the final state has p-character (A) [OH,OH]-, (B) [OH,NH]- or [NH,OH]-, and (C) [NH,NH]-forms

: - shown in Figure 3 for DNP.
and (2) the electric vectdt of the light has a parallel component =5, o i) s 1 dies by XD indicated that (i) DSPY exists only in the

to the axis of the p qrbital. These are useful for assigning the OH-form1913(ii) BSP, NPY, and DNP are in equilibrium between the
spectral featurek!'® if one can use an oriented sample and oH and NH forms®and (iiiy DNP-TCNQ is mostly in the NH-forr?
polarized light. Using these characteristic aspects, we can studyThe results of XD also showed that the molecules studied here are
the H-bonded structure in SA derivatives by NEXAFS spec- planar except for DSPY where the three aromatic rings are twidted.
troscopy by examining the excitations to tievacant orbitals. We also measured the NEXAFS and XPS spectra of two reference
From Figure 1, we expect N1s (or O%s) z* transition only compounds, TCNQ and 2-tnethoxybenzylidene)aminofluorene
for the OH-form (or NH-form). In the actual analysis, as (MBAF) in Figure 2. They were supplied from Tokyo Kasei Kogyo
described later, we must take account of the contribution from €°- Ltd-

other resonance structures such as the zwitterionic structure e NEXAFS and XPS specimens were mostly prepared by vacuum
shown in Scheme 1 evaporation at 1 Pa on metal plates (Cu for DSPY, BSP, NPY, and

. . . L DNP and Ni for TCNQ and MBAF). The film thickness was 160

Such a study is also of interest as a chemical application of 150 nm as monitored by a quartz oscillator, and the evaporation rate
NEXAFS. So far no NEXAFS study of such tautomerism has was 0.2-0.5 nm/s. Since DNP-TCNQ decomposes on evaporation,
been made, and it will be valuable to examine (i) how this its sample was prepared by scrubbing the sample powder on a scratched
phenomenon appears in NEXAFS, (ii) how detailed and reliable Ni plate.
assignments can be made, and (iii) whether NEXAFS can be Most NEXAFS experiments were carried out at the beamline 11A
used for studying the tautomerism. of Photon Factory at Na_tional Institute for Hig_h Energy Physics (KE‘K-

X-ray photoelectron spectroscopy (XPS) is another useful PF). Synchrotron radiation from the sf[orage ring was mono_chromatlzed
method for clarifying the chemical structure. Binding energies Y 2 Grasshopper monochromator with a grating of 2400 line/mm at a

. . . resolution ofE/AE ~ 1000. Monochromatized light was irradiated on

ofthe s_,pef:tral features are. sensitive to th‘? Chemlc_al ?”V'_m”me“tthe sample under vacuum of ¥0Pa, and the spectra were measured
of the ionized atom, and it may be possible to distinguish the

; T '~ in the total electron yield mode. The photon flux was monitored as
tautomers in SA derivatives. We note that the electronic the hole drain current, from a Au-coated metal grid in the optical

transitions in these spectroscopies are fadi('® sy* compared path. The emitted electrons from the sample were collected and
to the hopping time of protons<(10-1° s),l” and the obtained  amplified by a channeltron as the signal currientThese currents were
results can be regarded as snapshots of the examined systengonverted to trains of pulses by a V-F converter, counted, and sent to
derivatives by NEXAFS and XPS spectroscopies. The assign- VS Photon energy. The spectra of MBAF were measured in a similar
ments of the observed NEXAFS spectral features were per- way at_ the beamline 2B1 of_ the UV$OR synchrotron radiation facility
formed by (i) the comparison with the spectra of related at Institute for Molecular Science using a Grasshopper monochrometor

ds. (ii larization d d f ; d | with a grating of 2400 line/mm.
compounds, (i) polarization dependence for oriented samples, Most of the spectra were measured at an incidence angle of photons

and (iii) simulating the spectra by ab initio molecular orbital ¢ . 550 (so-called magic angté!9, where® is measured from the
(MO) calculations of the core-excited states by the improved sybstrate surface. At this value 6f possible effect of preferred
virtual orbital methoéf using the relaxed Hartred~ock orbit- molecular orientation can be removed. Auxiliary measurements at other
als!® The method of calculation was successful in analyzing 6 revealed that the spectra are mostly insensitived tsuggesting

the NEXAFS spectra of polycyclic aromatic hydrocarbé‘hs, random molecular orientation. As an exception, BSP showed Weak
dependence, indicating preferred molecular orientation in the film. The

(13) Inabe, T.; Hoshino, N.; Mitani, T.; Maruyama, Bull. Chem Soc energy calibration was carried out taking main peaks of TCNQ at the
Jpn 1989 62, 2245-2251. _ _ N K-edge and potassium sulfate,&0;) at the OK-edge to be at 399.6
(14) stdr, J.NEXAFS Spectroscop$pringer-Verlag: Berlin, 1992; pp

162-210 and 536.9 eV, respectively.
(15) St"chr, J.; Outka, D. APhys Rev. B 1987, 36, 7891-7905. The ab initio MO calculations with the minimal basis set were
(16) Gadzuk, J. WPhotoemission and the Electronic Properties of ~performed for (i) a planar SA molecule in the OH- and NH-forms, (ii)

Surfaces Feuerbacher, B., Fitton, B., Wills, R. F., Eds.; Wiley Inter- a nonplanarN-salicylidene-1-pyrenylamine (SPY) in the OH-form
science: Chichester, 1978; pp 11#16.

(17) Takeda, S. Private communication. (20) Oji, H.; Mitsumoto, R.; Ito, E.; Ishii, H.; Ouchi, Y.; Seki, K.; Kosugi,
(18) Hunt, W. J.; Goddard Ill, W. AChem Phys Lett 1969 3, 414— N. J. Electron SpectrosdRelat Phenom 1996 78, 383-386.

418. (21) Oichi, K; Ito, E.; Seki, K.; Araki, T.; Narioka, S.; Ishii, H.; Okajima,
(19) Kosugi, N. InAtomic and Molecular PhotoionizatiorYagishita, T.; Yokoyama, T.; Ohta, T.; Inabe, T.; Maruyama, Jon J. Appl. Phys

A., Sasaki, T., Eds.; Frontiers Science Series 18; Universal Academic Suppl 1993 32-2 818-820.
Press: Tokyo, 1996; pp 898. (22) Narioka, S.; Seki, K. Unpublished results.
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@ Figure 3. Three tautomeric forms in DNP.
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o* excitations appeared above the ionization energy, and they were

not included in the simulation, since the present method neglects the
mixing with the ionization continuum, and the obtained results will
() lcP@D not be reliable.
XPS measurements were carried out on an Escalab 220i spectrometer
QN@:NONGNH (Vacuum Generators) below 10Pa using Mg K. X-ray source (15
kV, 20 mA). Peak positions and areas were determined by the curve
Figure 2. Molecular structures of the compounds studied: (a) DSPY, fitting with the abscissa being determined by assuming the C1s main
(b) BSP, (c) NPY, (d) DNP, (e) DNP-TCNQ, (f) TCNQ, and (g) MBAF,  peak to be at 284.0 eV.

and the model compounds for calculations (h) SPY, (i) PQD, and (j)
ICPQD. 3. Results and Discussion

(Figure 2h), and (iii) two reference compoundéphenylp-benzo- 1. NEXAFS Spectroscopy. (i) NK-Edge NEXAFS
quinone diimine (PQD) and-{ 4-[(4-imino-2,5-cyclohexadienylidene)- ~ Spectra. The N K-edge NEXAFS spectra of (a) DSPY, (b)
amino]phenyl-N'-phenylp-benzoquinone diimine (ICPQD) (Figure2  BSP, (c) NPY, (d) DNP, (e) DNP-TCNQ, and (f) TCNQ are
(parts i and j)). We used the program GSCF3 coded by one of the shown in Figure 4. The peak positions are listed in Table 1
authors (N.K.). The calculations of SA, PQD, and ICPQD were with the assignments discussed later. The spectra of the SA
performed with the geometry optimized by a MOPAC semiempirical derivatives show two sharp peaks 1 and 2, followed by weak
PM3” program. The geometry of SPY was taken from the XD study features at higher energy. For NPY, the S/N ratio was not good,
of DSPY!® For examining the possible effect of the ambiguity in and the intensities of the peaks 1 and 2 were not well
geametry optimization, MO calculations for the OH-form of SA were reproducible. Although the spectrum of DNP-TCNQ is fairly
also performed with the geometry optimized by ZINDO calculation similar to that of TCNQ, indicating the large TCNQ contribu-

and the geometry taken from the X-ray diffraction studye-chloro-
salicylideneaniliné. These geometries correspond to a variation of bond fi0N, the contribution from DNP can still be estimated as the

lengths and bond angles up to 0.03 A and°2respectively. These  difference (g) between these spectra (e) and (f).

variations little affected the obtained results. The peaks 1, 2, and 4a in the spectra of BSP (b) are slightly
Calculations for the core-ionized and core-excited states were carriedstronger at grazing incidence than at normal incidence, indicating

out for the N and O atoms. The excitation energies for the core-excited that they arer* excitations. On the other hand, the peaks 4b,

states were obtained as the term value (ionization energy minuss and 6 showed opposite polarization dependence, indicating

excitation energy) by applying the improved virtual orbital mef§od their o* character. This suggests that the features 463 eV

to the vacant orbital manifold of the core-ionized states. The transition for other SA derivatives are alsa* excitations. This is

intensities were obtained by calculating the transition dipole moments. - . o
From these results, the NEXAFS spectra were simulated as the weighteuconf'rmed by the spectra of oriented oxydianiltteWe here

sum of Gaussian functions at excitation energies (FWHN.9 eV concentrate on the* excitations which are useful in discussing
and 1.5 eV for the NK- and OK-edges, respectively). The calculated the tautomerism.

(23) Stewart, J. J. Rl. Comput Chem 1989 10, 209-220. (24) Murakami, T.; Ohta, T. Private communication.
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T T T T . For comparison, the spectra of MBAF (h) and two kinds of
N K-edge polyanilines (PA3® ((i) and (j)) are also shown in Figure 4. The
peak | of PAs is aligned to the peak 1 of SA derivatives. For
AW OAORn- PA, the protonation to the N atoms can be changed by the
" " ! treatment at various pH as shown in TabR27 The spectrum

(i) corresponds to the strongly deprotonated PA (d-PA), which
(i) (| v is the mixture of the imineN—) and the amineNH—)
p-PA forms. On the other hand, the spectrum (j) corresponds to the

H H protonated PA (p-PA), which also contains the charged proto-
‘(@'"‘@‘")f@‘"’@’"t nated &N*TH—) form converted from the imine form besides
the imine and amine forms. The resultant structure of PAs are
shown in Figure 4.

The structural correspondence between the PAs and SA
derivatives can be assigned by Table 2. The OH-form of SA
corresponds to the imine form of PA. The situation for the
NH-form is more complex, since the NH-form tautomer is
expressed by the resonance between the neutral and the
zwitterionic structures. The neutral structure corresponds to the
neutral structure of the amine form of PA, while the zwitterionic
structure corresponds to both the zwitterionic structure and the
charged protonated form of PA. We note that the contribution
from the zwitterionic structure in PA will be small due to the
lack of stabilization of the negative charge, in contrast to the
case of SA where the negative charge is stabilized by the
electronegative oxygen atom.

By protonation of PA, which converts the imine form to the
charged protonated forf,the peaks I and IlI in the spectrum
of d-PA become weak, and a new feature Il appears between
them. Thus, the former and the latter features were assigned
to the transition at the imine N=N—), and the charged
protonated N¥£NTH—) atoms, respectivel§2 The peaks | and
Il are also observed in the spectrum (h) of MBAF which has
an imine nitrogen. Thus the peaks 1 and 3 of SA derivatives
are ascribed to the OH-form and the peak 2 to the NH-form,
respectively.

The intensities of peaks 1 and 2 give a measure of the relative
population of the tautomers. DSPY shows only peaks 1 and 3,
indicating that DSPY is in almost pure OH-form. The peak 2
ascribed to the NH-form becomes stronger in the order of BSP,
NPY, DNP, and DNP-TCNQ. This ordering agrees with that
suggested by X313

Detailed analysis by MO calculations for SA and SPY serves
for checking the assignments described above. The simulated
spectra (k) and (l) are shown in Figure 4, and Figure 5a depicts
the r* orbital patterns of the core-excited states of SA. The
spectra (k) of the OH- and NH-forms of SA shown by the solid
and dotted lines are aligned taking account of the difference of
the N1s binding energies deduced by XPS (see section 3.2),
and the peak A is aligned with the peak 1 of the observed

Intensity /arb. units

spectra.
The peaks 1 and 2 correspond to the peaks A and a, which
395 400 405 410 are the excitations to the LUMO of the OH- and NH-forms,
Photon Energy | eV respectively. This agrees with the assignments of these peaks

to the OH- and NH-forms described above. The orbital pattern
Figure 4. Upper part: NK-edge NEXAFS spectra of SA derivatives  of A in Figure 5a shows large population at the imino group.
and related compounds: (a) DSPY, (b) BSP, (c) NPY, (d) DNP, () The peak 1 can be assigned as thgN=C) excitation, in
DNP-TCNQ, (f) TCNQ (dotted line), (g) difference spectrum between  consistency with the assignment for the peak | of P&
() and () showing the contribution from DNP in DNP-TCNQ, (h)  The LUMO of the NH-form should contain the contribution

MBAF and polyaniline (PA) in (i) the deprotonated form and (j) the e . "
N-protonated form (ref 25). For BSP, the spectra at the normal from the zwitterionic structure in Table 2. The positive charge

incidence (NI; solid line) and grazing incidence (GI; dotted line) are (25) Szargan, R.; Hennig, C.; Hallmeier, K. Bynchrotoron Radiat
shown. Expanded spectra of DSPY and BSP are added above theNews1996 9, 34-35. ) )
spectra (a) and (b). The hatched lines denote the ionization potential __(26) Lintzelmann, A.; Scherrer, B.; Fink, J.; Meerholz, K.; Heine, J.;
obtained by the XPS spectra, assuming a work function of 4.5 eV (ref Sariciftci, N. S.; Kuzmany, HSyn Metals 1989 29, E313-E319.

- O (27) Chiang, J. C.; MacDiarmid, A. GByn Metals1986 13, 193-205.
29). Lower part: the simulated NEXAFS spectra by ab initio MO (28) Hennig, C.; Hallmeier, K.-H.; Uhlig, I; Irle, S.; Schwarz, W. E.;

calculations for (k) SA in the OH-form (SOIId Iine) and the NH-form Jung’ C,; He||W|g’ C.; BachY A WUS, M.; Beyer’ L.; Szargan’ BESSY
(dotted line), and (I) SPY in the OH-form. Annu Rep 1993 172-174.




6340 J. Am. Chem. Soc., Vol. 119, No. 27, 1997 Ito et al.

Table 1. Energies and Assignments of the Observed Peaks in tkeBdge NEXAFS Spectra

DNP in
compd DSPY BSP NPY DNP DNP-TCNQ assignment
peak energy, eV 1 398.5 398.4 398.2 398.5 398.1 OH-form
(7H(—N=C—)
2 400.5 399.5 400.0 399.7 NH-form
(7H(—N"=C-))
3 401 OH-form (*)
4a 402 403.6 403.6 a* + o*
4b 403
estimated structure only OH OH-QNH?) OH+ NH OH + NH NH + OH
Table 2. Correspondence of the Forms between Polyaniline (PA) and Salicylideneaniline Derivatives (SAs)
Peak I, III IV 11
PA . .
imine form amine form charged protonated form
Structure neutral structure zwitterionic structure H
~ | ) O —
N— -—> N— X"
OH o H o H .
) N— < 5 /-
Structure
SAs L
neutral structure zwitterionic structure
OH-form NH-form
Peak 1, 3 2

on the N atom leads to high N1s x=* transition energy. The potentials are also in this energy range. The deduced values
orbital pattern of a is fairly similar to that of A, corresponding from XPS spectra are indicated by the hatched lines in Figure
to the similar bonding patterns in the OH-form and the 4 for the OH- and NH-forms, respectively, assuming a repre-

zwitterionic structure. sentative value of the work function of 4.5 eV for organic

As described above, the peak 3 in the spectrum of DSPY solids?® We see that even the peaks 4 and IV may be above
can be attributed to the OH-form. It corresponds to the peak B the ionization energy, and it becomes dangerous to discuss these
in the simulated spectrum of SPY, which is at lower energy excitations using the present calculations, which neglects the
than the corresponding peak B in the simulated spectrum of mixing with the continuum states.

SA. This shift can be ascribed to the low energy of ttte Finally, we examine the possible interaction of the two
orbital in DSPY and SPY due to the delocalization in the large tautomeric parts in DSPY, BSP, DNP, and DNP-TCNQ. The
central pyrenyl ring. MBAF also has a ring of comparable size similarity of their spectra with those of NPY and MBAF with
with DSPY and SPY. This explains the similar energies of a single tautomeric part indicates only weak interaction. This
peaks Il of MBAF and peak 3 of DSPY. On the other hand, was also confirmed by CNDO/S MO calculations of BSP, NPY,
the peak Il in d-PA, which was ascribed to a delocalized and DNP using equivalent core approxima#bi? at the NK-
m*(=N=—=+) orbital > appears at similar energy to those of and OK-edges.

DSPY and MBAF, although d-PA has small phenyl rings: The (i) O K-Edge NEXAFS Spectra. The OK-edge NEXAFS
MO calculations for the two model compounds of the imine gpacira of the five SA derivatives (afe) are shown in Figure
form of PA (PQD and ICPQD in Figure 2 (parts i and })) g Asin the case of the K-edge, the relative spectral intensity
indicated that the excitations corresponding to B in PQD and 5y NPY was not well reproducible. The previous studiéé
ICPQD are at almost the same energy as that of SA and SPY,

respectively. Thus the low energy of the peak Il in d-PA can  (29) Kotani, M.; Akamatu, HDiscussion Faraday Sod97Q 51, 94—

be ascribed to the delocalization along the chain. 101. ] )

The analysis of the peaks of SA derivatives and PAs at higher 19(()?0) Davis, D. W.; Shirley, D. AChem Phys Lett 1972 15, 185-
energies is not simple. Firstly, the simulated spectra of SA  (31) Seki, K.; Morisada, I.; Edamatsu, K.; Tanaka, H.; Yanagi, H.:
(Figure 4k) indicate that both OH- and NH-forms have #tfe Yokoyama, T.; Ohta, TPhys Scr. 199Q 41, 172-176.
excitations (B and b) in this energy region. Further, the _ (32) Yokoyama, T. Seki, K.; Morisada, I.; Edamatsu, K.; OhteRfiys

Scr. 199Q 41, 189-192.
spectrum of BSP shows that battt (peak 4a) and* (peak (33) Ishii, I.; Hitchcock, A. P.J. Electron SpectroscRelat Phenom
4b) excitations exist in this region. Secondly, the ionization 1988 46, 55-84.
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Figure 6. Upper part: OK-edge NEXAFS spectra of (a) DSPY, (b)
BSP, (c) NPY, (d) DNP, and () DNP-TCNQ, (f) MBAF, and the
electron energy loss spectra of gas phase phenol (PH) (g), and
p-benzoquinone (BQ) (h) (ref 34). The hatched lines denote the
ionization potential otained by the XPS spectra, assuming a work
function of 4.5 eV (ref 29). Lower part: (i) the simulated spectra by
ab initio MO calculations of SA in the OH-form (solid line) and the
Figure 5. z* orbital patterns of (a) the N1s- and (b) the Ols-excited NH-form (dotted line).

states of SA corresponding to the features in the simulated spectra in
Figures 4 and 6.

peaks are listed in Table 3. For comparison, the spectrum of

indicate that (1) the peak at about 539eV is due todh(© — MBAF (f), the reported gas phase electron energy loss spectra
C) excitation and (2p*(O-H) and z* excitations are expected ~ Of phenol (PH) (g) anc-benzoquinone (BQ) (h¥ and the
at lower energy. The positions and the assignments ofrthe  simulated spectra of SA (i) are also shown.

(34) Francis, J. T.; Hitchcock, A. R. Phys Chem 1992 95, 6598 BQ has two GO groups, and the peaks | and II were
6610. assigned to the transitions from the O1s level tostherbitals
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Table 3. Energies and Assignments of the Observed Peaks in teEdge NEXAFS Spectra

compd DSPY BSP NPY DNP DNP-TCNQ assignment
peak energy, eV 1 530.8 530.7 530.2 530.3 NH-form
(7*(C=0))
2 532.8 532.5 532.3 NH-form
3 534.5 534.5 535.5 535 OH-form
estimated structure only OH OH-(NH) OH + NH OH + NH NH + OH

| B S B S S e Table 4. Binding Energies and Intensity Ratios of the Observed

-
O01s XPS Peaks in the Ols XPS Spectra by the Curve Fitting

B
(-OH) (€=0) binding energy, eV ratio
assignment A NH form B OH form NH form:OH form
DSPY 532.3 0:100
BSP 530.2 532.2 7:93
3] NPY 530.4 532.4 25:75
= DNP 530.5 532.4 40:60
3 {e)DNP-TCNQ DNP-TCNQ 529.8 531.7 60:40
5
= Table 5. Binding Energies and Intensity Ratios of the Observed
g Peaks in the N1s XPS Spectra by the Curve Fitting
_..Z‘ binding energy, eV ratio
g assignment A OH form B NH form  OH form:NH form
2 DSPY 398.5 100:0
L . .
= [ (ONEY BSP 398.4 399.5 96:4
NPY 398.5 399.5 80:20
(b)BSP DNP 398.2 399.2 50:50

(a)DSPY orbital patterns in Figure 5b indicate that the final states are

formed by the mixing of the O2porbital and the benzeneg*
T B B orbital. Such delocalized MO patterns were also reported for
540 538 536 534 532 530 528 526 BQ:3#

T The peak 3 in the spectra of BSP showed little polarization
Binding Energy / eV dependence. This suggests the mixed contribution fromrthe
Figure 7. Ols XPS spectra of (a) DSPY, (b) BSP, (c) NPY, (d) DNP, ando* excitations, although the calculation did not show the
and (e) DNP-TCNQ. o* transitions in this energy region. This agrees with the

derived from the O2porbital and ther* orbitals of benzené* reportedo*(O—H) andz* nature of the peak Il of PH? The
On the other hand, PH has a OH group, and the feature 11l was?* component should correspond to the peaks A and B in the
attributed to ther*(OH) excitation with possible contribution ~ Simulated spectrum and overlap with O —H) excitation
from 1s— x* excitation34 The spectrum of MBAF resembles ~ forms a broad peak. The orbital patterns in Figure 5b indicate
to that of PH expect for the tail to lower energy. that the final state for A is well delocalized, while that for B is
The features 1 and 2 in the spectra of NPY, DNP, and DNP- mostly in the 2-hydroxyphenyl ring. The excitation A corre-
TCNQ correspond to the peaks | and Il of BQ, respectively, SPonds to the resonance structure with the positively charged
and can be ascribed to the NH-form with=O double bond- ~ 0xygen H-O™=C. This explains the similarity of the orbital

(s). The broad shoulder 3 of SA derivatives corresponds to the Patterns of a and A. . ] .
feature IIl of PH and is attributed to the*(O—H) + =* Thus the assignments by MO calculations are consistent with

excitations in the OH-form. those from the spectra of related compounds. The good
The amount of the NH-form can be estimated from the correspondence with the observed results at both the ahd

intensity of the peak 1. DSPY does not show this peak, showing © K-edges demonstrates the usefulness of the present theoretical
the absence of the NH-form. The spectrum of BSP shows a analysis for assigning the spectral features for the complex
small rise at about 531 eV in the expanded spectrum (hatchedSyStems.
region), suggesting that BSP has a small but finite amount of 2. XPS Spectroscopy.The XPS results offer an independent
the NH-form. The other data indicates the increase of the NH- Way of examining the tautomerism. In Figure 7, the Ol1s XPS
form in the order of NPY, DNP, and DNP-TCNQ. This trend SPectra of SA derivatives are shown. The spectra of BSP, NPY,
agrees with that from the K-edge NEXAFS and XD:13 DNP, and DNP-TCNQ can be decomposed into two peaks A
More detailed analysis of the spectra can be performed by @nd B. On the other hand, the spectrum of DSPY shows only
using the simulated spectra (i) of the OH- and NH-forms of Peak B. Comparison with the results for BQ (530.8 eV) and
SA. They are aligned using the difference of O1s binding P-hydroguinone (HO-gH4-OH) (532.2 eV}° ascribes the peak
energies deduced by XPS (section 3.2). The result for the OH- A to the C=0 group in the NH-form and the peak B to the OH
form of SPY was similar to that of SA. The calculated orbital group in the OH-form, respectively.
patterns of the core excited-states are shown in Figure 5b. The In Figure 8, the N1s XPS spectra of four SA derivatives are
ionization potentials in both tautomers (hatched lines in Figure Shown. The spectrum of DNP-TCNQ is not shown, due to the
6) are slightly higher than the energy of the secatdransition difficulty in subtracting the contribution from TCNQ. We can
in each tautomer, ensuring that we can use these simulatec®gain reproduce these spectra as the combination of peaks A
spectra for the assignments. and B, which can be assigned to the N atoms in the OH-form
The peaks 1 and 2 should correspond to the peaks a and b i (35) onta, T.; Yamada, M.; Kuroda, Bull. Chem Soc Jpn 1974 47,
the simulated spectrum of the NH-form, respectively. The 1158-1161.
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Table 6. Comparison of the Results for the Hydrogen-Bonded Structures of SA Derivatives by Various Methods

NEXAFS XPS X-ray diffractiof
compound NK-edge OK-edge N1s Ols D-synthesis r(C—0), pm
DSPY only OH-form only OH-form H near O 135.6
BSP OH-form (major) OH-form OH-form H near O 1349

+NH-form (minor) 96% 93% + Hnear N)
NPY OH-form+ NH-form OH-form OH-form broad 131.9
80% 75% distribution
between O and N
DNP OH-form+ NH-form OH-form OH-form H near O 132.2
comparable amount 50% 60% + Hnear N
DNP- NH-form+ OH-form difficult to estimate difficult to estimate OH-form H near N 129.0
TCNQ 40%
aReferences 9 and 12.
v v L] v L) v 1 v 4 M 1 v L] v 1 v T 'pH
N1s XPS B A s :
(-NH-) (=N-) 13 A Nis DSPY,
‘ i O O1s Bsg.vm'
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Bindina E / eV Population of the OH-form
. inding Energy/ € Figure 9. Correlation between the population of the OH-form estimated
Figure 8. N1s XPS spectra of (a) DSPY, (b) BSP, (c) NPY, and (d) by XPS and the €0 bond length determined by X-ray diffraction
DNP. (ref 9 and 12).

(=N—) and the NH-form {-NH—), respectively, by the iy hecome shorter with increasing weight of the NH-form.
comparison with the spectrum of metal-free tetraphenylporphy- 114 \alue of DSPY (135.6 pH) is similar to that of PH
in 36 . )
fn. . . indicating that DSPY is almost purely in the OH-form. On the
The relative amounts of tautomers can be estimated from (o hang DNP-TCNQ has the shorte€€—0) among the
these spectra by the curve fitting. They are summarized in compounds studied, indicating the largest contribution from the
Tables 4 and 5. The results from N1s and Ols spectra areyy form. NPY and DNP have simila(C—0) (131.9 pm and
similar and also consistent with those from NEXAFS. In 132.2 pm, respectively, which are intermediate between those

particular, the small yet finite population of the NH-form in of DSPY and DNP-TCNQ. From these data, we can deduce
BSP agrees with the results of NEXAFS. These results Showincreasing population of the NH-form in the or,der of DSRY

that quantitative estimation could be successfully performed by BSP < NPY ~ DNP < DNP-TCNQ

XPS.
. . In Table 6, the results from NEXAFS, XPS, and XD
3. Comparison of the H-Bonded Structure Estimated by correspond well except for the following two points. Firstly,

\r;aertlr?g;s'\gs:r:]r%isri.ze'\:joi\g '\If\;\ eblc;o6m pﬁ:g |?f? croelilrjritr? obfyX\[/)agr?(l)Jv?/s XPS shows different populations in NPY and DNP, while XD
' indicates similar structure. The origin of this discrepancy is

the results_ from D_-synthe3|s, .Wh'Ch was glready discussed in not clear at present. Secondly, the Ol1s XPS indicates consider-
the preceding sections. The right column lists the bond lengths bl lati f the OH-f in DNP-TCN hile D-
of the C-0 bond,r(C—0). In generaly(C—0) is long for a able popufation of the orm In Q. W .
single bond (e.g., 136.4 pm in BH, while it is short for a synthe5|s suggests almqst pure NH-form. For examining this
double bond (e.g., 122.5 gfin BQ). d|screp§ncy, the correlanon b_etw_eré@—O) an_d the OH-form
The r(C—0) value by XD is the time average in the mixed populgtlon by XF_’S is shown_ in Figure 9. _ It indicates a r_ather
OH- and NH-forms. It should be long for a pure OH-form and good linear relation. In particular(C~0) in DNP-TCNQ is
significantly longer than that of a pure double bond in BQ,
795()3—?3)0'\7“%’ Y.; Kobayashi, H.; Tsuchiya, T. Chem Phys 1974 60, suggesting at least some contribution from the OH-form. Thus
: ] ) the NEXAFS and XPS data firmly established the tautomeric
(37) Pedersen, T.; Larsen, N. W.; Nygaard.Jl.Mol. Struct 1969 4, structures of these SA derivatives and even corrected the XD

59-77.
(38) Hagen, K.; Hedberg, Kl. Chem Phys 1973 59, 158-162. result suffering from the limited sensitivity to the H atom.
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Additional information is also available from the reported contain both tautomers, with the relative population of the NH-
proton NMR studie$® In BSP, the relaxation time of NMR form increasing in the order of BSP, NPY, DNP, and DNP-
gave the energy differences of 4.0 kJ/mol between the (A) and TCNQ. As an exceptional discrepancy from the estimation by
(B) forms in Figure 3 and 8.5 kJ/mol between the (B) and (C) XD, XPS indicated comparable population of the OH- and NH-
forms3° If we assume Boltzmann distribution, the population forms in DNP-TCNQ. This conclusion was confirmed by the
of the OH-form is 85%. For DNP, the corresponding energy good correlation with the €0 bond length.
differences of 0.38 and 0.9 kJ/mol result in the OH-form  The two spectroscopes thus offered independent confirmation
population of 5696° These values agree well with the results for the somewhat ambiguous results previously obtained and

from XPS. even more reliable and detailed information about the tautom-
) erism in these compounds. The present work has also demon-
4. Conclusion strated the usefulness of NEXAFS for studying tautomerism.

In this work, we studied fiveN-salicylideneaniline (SA) We expect that this method and XPS are particularly useful for

derivatives by NEXAFS and XPS spectroscopies. The observed@morphous states and ultrathin films, to which other methods

structures in the NEXAFS spectra could be assigned in detail, such as XD and IR spectroscopy are difficult to apply.
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