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Abstract

Hydrogen-bonded complexes@tyanophenold-CNP) with a series of protic and non-protic solvents have been investigated in super-
sonic jet by means of laser-induced fluorescence excitation and dispersed emission spectroscopy. All the complexes exhibit a large red shift
of the $—S; transition extending from-674 cnt ! for acetonitrile to-1321 cnt? for the dimer of methanol. This shift is shown to correlate
with the proton affinity of the protic solvents and has been related to the formation of cyclic hydrogen bond networks. For a non-protic
solvent such as diethylether, the presence of a strong H bond has been confirmed by the study of the OH stretch using IR-UV double
resonance spectroscopy. The low energy intermolecular vibrations observed in the cyclic comple@diofith H,O and CHOH were
assigned by comparing the experimental frequencies observed ip &mel§ states with the results of DFT calculations. The complexes
with TEA undergo proton transfer as evidenced from the observation of the fluorescence attributable to the deprotonateedbdii of
© 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction Phenol as other hydroxyarenes such as 1- and 2-naphthol
are known to undergo a strong increase of their acidity
Because of the presence of the OH group, phenol and itsin the excited state and have thus been used as model
derivatives provide a sensitive probe to study the spectral systems for examining fundamental aspects of photoin-
manifestations of hydrogen bonding on the vibrational and duced acid-base reactions. Phenol-ammonia clusters have
electronic transitionfl]. This property explains the plethora been in that respect the subject of numerous studies and
of experimental work performed on the hydrogen-bonded it has been recently a matter of debate whether H transfer
complexes of phenol in molecular beams: the aromatic rather than proton transfer takes place from thestte
chromophore permits the use of selective spectroscopic[10].
techniques such as fluorescence excitation and emission, However, while most of the studies on these hydrogen-
resonant two-photon ionisation, zero kinetic energy photo- bonded complexes have focused until now on the effect of
electron spectroscopy, double resonance UV-UV or IR-UV, the nature of the solvent, much less attention has been paid
etc. which have been extensively applied to characteriseto more acidic chromophores as well as to the structure and
jet-cooled clusters of phenol with a large number of small reactivity of their clusters.
molecules such as water, methanol, ammonia, amines, The introduction of an electron withdrawing group such
ethers and carboxylic acid@—9]. On the other hand, the as cyano, N@or sulphonate on the aromatic ring of hydrox-
hydrogen-bonded complexes of phenol can be modelisedyarenes is known to reinforce their acidity both in the ground
theoretically by ab initio methods which allow the com- state and excited states. This property has been used re-
parison with experimental data to get a better knowledge cently to design new compounds named “super” photoacids
of the structure and energetics of hydrogen bonding in- consisting of 1- and 2-naphthol substituted on the distal ring
teractions both in the ground and excited states. Anotherby one or two CN group§ll]. As a consequence of their
interest of the spectroscopic study of hydrogen-bonded strong acidity, the excited state proton transfer (ESPT) from
complexes of phenol rests on its excited state reactivity. cyanonaphthols to solvents such as alcohols, dimethylfor-
mamide and dimethyl sulphoxide was shown to take place in
* Corresponding author. Fax:33-1-69-15-6777. solution as observed from the fluorescence spectra. The be-
E-mail address: francoise.lahmani@ppm.u-psud.fr (F. Lahmani). haviour of clusters of the 5-cyano-2-naphthol chromophore
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has also been examined recently in a molecular bgah o Finally, what is the effect of the expected enhanced acidity
An efficient ESPT reaction was demonstrated in ammonia of o-CNP relative to phenol and is it possible to observe

and water clusters as was observed in the case of 1-naphthol the proton transfer reaction by detecting the fluorescence
clusters, but none in the case of methanol and DMSO attributable to the-cyanophenolate?

clusters.

Among the derivatives of phena;,cyanophenold-CNP)
offers an interesting case, which can be studied both in so-
lution and in the gas phase. First, the ground state gas-phase
acidity is larger by 16.2 kcal/mol than that of phenb8].

The experimental g values show that the three cyanophe-
nols are also more acidic than phenol in solution both in
the ground and in the excited state, tbetho derivative
being the most acidic isomer K = 6.97, pK, = 0.66)
[14]. Furthermore, both the neutral and anion species emit
fluorescence in solution and this property provides a useful
diagnostic tool for ESPT reaction. Finallp:CNP bears
two neighbouring functional groups which can act as H
bond donating and accepting sites and allow the formation
of multiple hydrogen bonds with protic solvents or other
donor—acceptor molecules.

2. Methods: experimental and theoretical

The set-up used for fluorescence excitation experiments
rests on the laser-induced fluorescence detection of van der
Waals complexes formed in a continuous supersonic expan-
sion of helium (2—3 atm}15]. The complexes are produced
from the preheated-CNP sample (60C) in the presence

of controlled partial vapour pressure of the solvents. They
are subsequently excited in the cold region of the jet about
5 mm downstream from the nozzle by means of a frequency-
doubled dye laser pumped by the second harmonic of a YAG
laser (BM Industrie). The fluorescence is observed at right
angle through a WG320 cut-off filter by a Hamamatsu R2059
photomultiplier. The gated and averaged signal is monitored

A lustrati fthi N h " ied through a PC-controlled Lecroy 9400 oscilloscope.
s anilustration ot this property, we have recently carrie The IR spectra are recorded with the fluorescence-dip

out aspectros_cop|c study ofjet-cooleﬁll_\lP and |ts_ 1:1and technique, a variante of the double resonance technique pi-
1:2 clusters with water and methanol using laser-induced flu- J - .o g by Riehn et al16], Tanabe et al[17] and Prib-

orescence and double UV—IR resonance technifhigsAs ble and Zwier{18]. The set-up used for this IR-UV double

expected because of the stabilising interaction between theresonance experiment combines a pulsed jet (general valve)

OH and CN substituents, only tloes conformer of the chro- and two 20 Hz OPO lasers (BBO for the visible one, and

mophore has been obser\_/ed in the jet-cooled cond_itions. TheLiNbOg for the infrared one).The OPO system consists of
complexation OfO'C.NP with water and mema”‘?'_ induces an original prototype first developed at the Centre Laser In-
both a large red shift of thegSS; electronic transition and frarouge d'Orsay (CLIO) and rests on two OPO lasers syn-

of the ground state OH stretching frequencyoedENP. The h | db Ised mode-locked Nd:YAG |
IR spectra in the(OH) region can be assigned with the help ;srggggrsibyezuerrllspe?/vhe);s puisedmode-locke ' asen

of DFT calculations to a hydrogen-bonded cyclic structure Vibrational analysis has been carried out for the min-
of the complexes and reveal cooperative effects due the muI-imised structures ob-CNP—water and methanol 1:1 com-
tiple H bonds. In the 1:1 complexes, the solvent OH binds plexes as described in our previous wdfé] We.have

as a proton acceptor to the phenol OH and a proton donor ©first combined a model potential with a global optimisation

Eﬂe .CN gtr_oup. :{;}e 1:2| corr;;zjl_exes Invotlve ina st|hm|lar WaY" method to explore the intermolecular potential surface by us-
b i msertﬁ)n gH N Zogsn bm:.fr (V\,’[a 2?{h(me lano:;) N ing a semi-empirical method based on the exchange pertur-
edwi?; d ﬁ an su_bs : léen sho q € mo ecude.f 9 pation theory[19]. Then a local optimisation with the DFT
Le -Sbl © qgresceijn?e”attr_l ute t?[ tt_e e?rotona';eth "M method, by means of the Gaussian 98 software padk&je
las een evidenced following excitation ot any of these a5 peen performed to determine the fully optimised geom-
clusters. . . . . etry and the harmonic vibrational frequencies. For the DFT
The scope of this work was to investigate further the iso- method we have used the combined Becke's three-parameter
lated complexes 06-CNP with various solvents using flu- exchange functional and the gradient-corrected functional

orescence exc_itation and dispersed_ emiSSiO_n SpeCt_rOSCOpyof Lee et al[21] (B3LYP functional) by using the standard
Different questions relevant to the microscopic solvation ef- cc-pvTZ basis set. The calculated interaction energies and

fects were gddressed with the aim to compare the pmpert'esgeometries at the B3LYP/cc-pvTZ level are in good agree-
of 0-CNP with those of phenol complexes:

ment with those obtained at the MP2/cc-pvTZ, justifying the

. use of the DFT method for the systems presented here.
e How the presence of proximate donor and acceptor sub-

stituents affects the spectroscopic properties of the chro-
mophore when it is complexed with solvents of different 3. Results
nature and polarity (shift of thegSS; transition, modifi-
cation of intramolecular vibrational modes)? 3.1. Excitation spectra
e How the cyclic structures found in the previous study on
water and methanol complexes manifest themselves inthe The LIF excitation spectra of the bare molecule and its
intermolecular vibrations? complexes with water and methanol have been reported
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Fig. 1. Fluorescence excitation spectrace€NP in the presence of GEN and (GHs),0. The energy scale is relative to the 0-0 transition of the bare
chromophore at 33,967 crh.

previously [15,22] The electronic origin of the molecule Besides the intramolecular deformations of the substituents,

is located at 33,967 cnt and the most intense vibronic  several low frequency bands appear in the energy range be-

bands are observed-&129,+370 and+-442 cnt ! from the low 300 cnT! where intermolecular motions are expected

0-0 transition. In the presence of water and methanol, newfor most of the complexes. In the case of the 1:1 water com-

features corresponding to both the 1:1 and 1:2 complexesplex, the low frequency vibrational pattern is clearly differ-

have been identified in the spectra. The shifts of theSp ent from that of the bare molecule. Three main bands are

transition with respect to the bare molecule ar&87 and observed at 166, 196 and 206Th They are shifted by

—965cnT!, respectively, for the 1:1 water and methanol OH/OD isotopic substitution in the-CNPOD-3O com-

complexes and-1071 and—1321cnt? for the 1:2 clus-  plex to 117, 181 and 201 cm.

ters. This assignment has been confirmed by IR-UV spec-

troscopy where the number of observed IR bands in the 3.2, Fluorescence

3000-3700 cm? region corresponds to the number of OH

oscillators expected for these species. The dispersed fluorescence resulting from the excitation
The excitation spectra obtained with acetonitrile, ether, of the most intense 0-0 transitions of all the complexes

ammonia, formamide and acetic acid are showikrigs. 1

and 2and the shifts of the 0—-0 transition are reported in Table 1

Table 1 All these spectra have in common a large shift ex- Microscopic solvent shifts of the-CNP $-S, 0-0 transitioft

tending from—674 cnt! for acetonitrile up to-1321 cnr?! Solvent Shift (c?) Proton affinity Acidity

for the dimer of methanol. In most of them, the vibronic (kJ/mol) (kJ/mol)

bands corresponding to the skeletal deformations observedH,0), —787 691 1634

at 370 and 442 cm' in bareo-CNP can be easily recognised.  (H20). —-1071 815

It should be noticed, however, that these features are slightly(CHsOHx —965 754.3 1597
> . T (CH3OH), -1321 882

shifted to higher energy for water, methanol, acetic acid and O(CaHs)s 842, —971 828.4

formamide complexes while they keep the bare molecule yconH, _1079 822.2 1505

value in the case of acetonitrile and diethylether complexes NHs —1146,-915 853.6 1691

(seeTable 2. Based on this vibronic pattern, several ori- CHsCN —674 779.2

gins can be distinguished in some systems: in the com- CHsCOOH —1129 783.7 1560

plex with diethylether the two bands appearing-&71 and %CANP)Z —10%0 970 1456

—842 cnmr! can be clearly assigned to different origins. The
intense band appearing at 129¢chfor the bare molecule . The $-5, 0-0 transition ofo-CNP is at 33,967 et

and assigned to the pliers motion of the CN and OH substi- BOOI(The gas phase proton affinities and acidities are from NIST Web
tuents may be Stlll_ldenFlfled In _Some casesNP—diethyl- ¢The proton affinity of water and methanol dimers are those deter-
ether,0-CNP-acetic acid) (sekigs. 1 and 2and Table 2. mined by Knockenmuss et dB6].
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Fig. 2. Fluorescence excitation spectrace€NP in the presence of GEOOH, HCONH and NH;. The energy scale is relative to the 0-0 transition
of the bare chromophore. The bands marked with astesskn(the spectrum ob-CNP—formamide complexes correspond to the dimeo-GNP.

is resonant. The emission spectra show above 30d@n  differs somewhat from that of the bare molecule and depends
global pattern similar to that observed in non-complexed on the complexing agent. The most active intermolecular
0-CNP with the most prominent bands correlating with those frequencies observed in the low frequency region have been
found at 382, 462, 853, 1020 and 1316¢nfor the bare listed inTable 2 In the case of the-CNP—water 1:1 complex
molecule. As typical examples, the dispersed fluorescenceselective excitation of the three vibronic features at 166, 196
obtained by pumping the 0-0 transition of the 1:1 water and and 206 cm! has been used to determine their ground state
CH3CN complexes are presentedhig. 3. As observed in counterparts (observed at 158, 175 and 190%mt should

the excitation spectra the vibrational pattern below 300tm  be noticed that the intermolecular frequencies are larger in

a) o-cyanophenol- H O

190
1322

475 674 856 1037 1243

1488

b) o-cyanophenol-CH,CN

463 1315
J 102173 350 | 576 850 431030 1216
1 1 1 1 | | | | 1
0 200 400 600 800 _ 1000 1200 1400 1600 1800
cm

Fig. 3. Dispersed fluorescence spectra from (a) the 1:1 complexGMP with water excited at 33,180 cthand (b) 1:1 complex 06-CNP with CHsCN
excited at 33,293 cmt. The resolution is~25 cnT L.
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Table2 stretch region for the complex @CNP with diethylether.
Main vibrations ino-CNP complexes When the most intense UV transition of theCNP—diethyl-
Solvent $ S S (calculated) ether complex is used as a probe, an intense and broad dip

at 3155 cnm? (Fig. 4) is observed which can be assigned to

Cyclic f Open f
yere _O_rm pen Torm theo-CNP OH stretch. It is red-shifted by 430 chwith re-
(H20), 139 (sliding) 133 spect to the)(OH) of thecis form of the bare chromophore
132 igg i%g f?nixedTH_bonds) 13 6) (3585cnTl). This large shift shows that the CNP—ether
190 206 201 (mixedrH-bonds) 196 ¢) complex is linked through a strong Ql'd;[\!P—O(diethwethe) _
402 387 407 (C-OH bend) 400 hydrogen bond. The OH frequency of this complex is sim-
475 453 471 477 ilar to that observed for the-CNP-CHOH 1:1 complex
(D20) 133 (sliding) (3165cnT?).
117 150 ¢)
181 184 (mixedrH-honds) 3.4. Complex with triethylamine in the gas phase

201 207 (mixedo H-bonds)
387 400 (C-OH bend)

455 477 When triethylamine (TEA) is added tCNP, the shape

of the excitation spectrum undergoes a dramatic change.
(H20) ig; 165 212353 The well-resolved structure observed in the previous cases
480 480 is replaced by a broad continuum extending over more than

2000 cn1! below the 0-0 transition of the bare chromophore

CHaOH 128 1%% 214(1)&1)-}, rocking) (Fig. 53. The use of cut-off filters shows that most of the
138 135 (sliding) emission is emitted at > 345nm and is still observed at
202 188 §OHchgon: - - NC) A > 375nm. The intensity of the emitted fluorescence in-
200 225 207 ¢OHphenot - - O) creases linearly with the partial pressure of TEA. This lin-
y p p
igg 3(7’2 (C-OH bend) ear dependence shows that the associated absorption can
be attributed to the 1:1 complex. The dispersed fluores-
CHsCN 102 127 cence is also continuous and exhibits a large Stokes shift of
égg ;2(7) about 5000 cm?! with respect to the onset of the excitation
463 444 (Fig. 5. It peaks at about 360 nm. This strongly red-shifted

emission can be readily assigned to the fluorescence of the

(G20 1201127 anionic form of o-CNP by comparison with the spectro-

175

392 369 scopic data obtained in solution and provides thus evidence
478 443 for the proton transfer process in the jet-coabeGNP-TEA
CH3COOH 122 1:1 complex.
128
390 3.5. Complexes with TEA in solution
452
HCONH, 178 The photophysical behaviour of tlteCNP-TEA system
387 in solution is parallel to that observed in the gas phase
458 complex. The first absorption band ofCNP in cyclohex-

ane solution is located between 300 and 280 nm, and the
) ) o ) ) emission spectrum is the mirror image of the absorption.

the structures in the excited state. shown inFig. 63 the addition of TEA to the cyclohexane
solution induces a significant modification of the absorption
3.3. IR-UV study of the diethylether complex spectrum, which is shifted towards the red and presents a

tail extending up to 340 nm. This behaviour is characteris-

The IR-UV dip spectrum of the complexes ofCNP tic of a ground state equilibrium between the fle€NP
with water and methanol has revealed two types of hydrogenand hydrogen-bonded stable complexes. When the excita-
bonds. These results have been interpreted with the help oftion is set at 298 nm, two fluorescence bands are observed
DFT calculations, in terms of a bridged ground state struc- (Fig. 60. The band peaking around 310-315nm is similar
ture of these species involving both the OH groups of the to that obtained in the absence of TEA and originates from
chromophore and of the solvent. Such a structure cannotprotonated-CNP, while the second one, peaking at 370 nm,
take place in the case of diethylether, which bears a sin-is similar to that observed in alkaline ethanol solutif2]
gle accepting site for complexation withCNP. In order to and is assigned to the deprotonated form. When the exci-
characterise the interaction betwee@NP and a non-protic  tation wavelength is set either at 310 or 330 nm, only the
solvent, we have thus recorded the IR spectrum in the OH red fluorescence band appeafsg( 6d. The fluorescence
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o-cyanophenol-diethylether
A (exc) = 603.57 nm

- 3155

PR RNV RN S S S SR U S R R R
3000 3050 3100 3150 3200 3250 3300 3350 3400 3450 3500

-1
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Fig. 4. IR-UV double resonance spectrum of th€ NP—diethylether complex probed at the origin of the-§ transition at 33,125 cm-.

excitation spectra shown Fig. 6cdemonstrate the presence
of three absorbing ground state species in the solution. The
excitation spectrum of the fluorescence emitted at 310 nm
Y ) corresponds to the protonated form@CNP observed in

1) the absence of TEA (maximum at 298 nm). When the fluo-
rescence from the anionic form emitted at 380 nm is detected
the excitation spectrum exhibits two excitation bands, the
2) most intense one peaks at 305 nm while the weakest one is

maximum around 330 nm and appears as the mirror image
of the fluorescence. The relative intensity of the two absorp-
tion bands depends on the nature of the solvent. In a solvent

A exc

3) of higher polarity than cyclohexane, such as dichloroethane,
i 1 . 1 . . . the absorption band at 330 nm band gets stronger, is slightly
32200 32400 32600 32800 33000 cm-! shifted to the red and exhibits a similar intensity as the

305 nm bandFKig. 6g. This shows that the two absorption
bands responsible for the anionic red fluorescence belong to
different ground state species. A similar behaviour has been
described in the case pfnitrophenol[24] and has been ex-
plained in terms of two equilibria in the ground state involv-
ing the neutral hydrogen-bonded species and ionic pair:

(b)
A max =360 nm

~ A exc=303,7 nm
0-CNP+ TEA < 0-CNP- .. TEA

0-CNP--.TEA < 0-CNPO ---HTEA™

L The 305 nm band can be assigned to the neutral hydrogen-
0 2000 4000 6000 8000 10000 bondedo-CNP:. - - TEA species while the second absorption
cm-! at 330 nm corresponds to the ionic p@€NPO~- - - HTEAT,

, o _ _ which gets stabilised in a polar medium. The observa-
Fig. 5. (a) Fluorescence excitation spectra of jet: COONP-TEAMIX- 4oy f the red-shifted fluorescence from the deprotonated
ture: (1) fluorescence observed through a WG345 filter, (2) fluorescence . .. .
observed through a WG375 filter and (3) same as (2) with TEA partial form o-CNPO™ fOllOWII’lg excitation either at 330 nm or at
pressure reduced by a factor of 2. (b) Dispersed fluorescence from the 305 Nm shows that the proton transfer reaction occurs both
0-CNP-TEA complex excited at 303.7 nm. in the ground state and in the excited state. This result is in
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Fig. 6. Solution spectra a-CNP. (a) Absorption 0b-CNP in cyclohexanec(= 1.1 x 10~>M/l) in the presence of TEA: (Iy =0, (I) ¢ = 5x 1073 M/,
() ¢ =10"2M/, (IV) ¢ =2x10"2M/l, (V) in C2H4Cly. (b) Fluorescence spectra of the solutions I, I, 111, A¢excitation = 298 nm. (c) Fluorescence
excitation spectra (uncorrected) for solutions Il, lll, IV observed at 310 and 380 nm. (d) Fluorescence spectra of solutions AldXcitetion) = 310 nm.

agreement with the significant acidity ofCNP both in § late the microscopic solvent shifts with the gas phase proton
and § as shown by the reportedkp, values[14]. affinity of the solvent as it has been suggested in the case of
hydrogen-bonded phenol and 1-naphthol complg%ezb].
As shown inFig. 7, a rather good linear dependence is ev-

4. Discussion idenced for complexes involving protic solvents. However,
the experimental data relative to the non-protic compounds
4.1. Microscopic solvent shift (diethylether and acetonitrile) lie out of this curve. Thus ac-

cording to this behaviour, the solvents can be divided into

The most striking effect obtained in this study is the large two groups on the basis of structural considerations: the sol-
bathochromic shift of the &S transition of theo-CNP vents which are able to act both as proton donor and proton
chromophore induced by complexation. In the complexes acceptor and thus to form hydrogen-bond bridges with the
investigated here the shifts are twice as large as those in-OH and CN sites of the chromophore exhibit larger shifts
volving the parent phenol molecul@able 1. This result than the complexes with solvents bearing a single accepting
emphasises the role of the CN substituentritho position site which can only involve a single hydrogen bond with the
from the acidic OH group in influencing the properties of OH group of the chromophore.
the phenol chromophore at several levels. First, the cyano In the case of protic solvents, which present both H bond
substitution increases both the ground state and exciteddonor and acceptor sites, the “cyclic” structure of the com-
state acidity of phenol because the electron withdrawing plexes as those demonstrated in the cases of the water and
CN group helps the delocalisation of the charge away methanol complexes can be responsible for the large micro-
from the oxygen atom in the anion and renders thus the scopic solvent shiffl5]. First, a large red shift of thepSS;
deprotonation reaction more favourable. Second, the CNtransition seems to be a characteristic feature of complexes
substituent reinforces the charge transfer character of theinvolving the chelate type structure created by the presence
intermolecular hydrogen bond betwea/€CNP and electron  of the two binding sites which is expected to extend the elec-
donors. Third, the presence of adjacent donor and acceptoitronic delocalisation. A similar behaviour has been observed
sites for hydrogen bonding allows the formation of bridged in complexes involving chromophores with proximate bond-
structures. ing and accepting sites such as the cyclic 1:2 and 1:3 wa-

In a first attempt to rationalise the effect of increasing ter complexes of 7-hydroxyquinolin@6,27] Complexing
acidity in the excited state @ CNP, it is interesting to corre-  agents bearing both a H bond donor and acceptor group such
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Fig. 7. Spectral red shifts of thepSS; transition ofo-CNP complexes as a function of the gas phase proton affinity.

as CHCOOH and HCONH are also able to give rise to  for phenol. This discrepancy may be due to the fact that
cyclic double hydrogen-bonded structures towards the OH the calculations have been performed for tiegeometry
and CN groups 06-CNP and this would explain the mag- of o-CNP in which the intramolecular hydrogen bond may
nitude of the observed shift. Second, cooperativity effects result in a reduced acidity relative to an open geometry.
taking place in the double hydrogen-bonded structures re- The strong red shift of the phenoli¢OH) stretch of the
inforce the proton affinity of the solvent-accepting site be- o-CNP-diethylether complex measured by IR-UV dip spec-
cause of the polarity of the H bond between the solvent and troscopy v = —430cnT?) brings an experimental sup-
the CN group and this enhanced interaction should manifestport to the large ground state acidity ofCNP relatively
itself more significantly in the excited state. to that of phenol as it has been observed by McMahon and
However, the microscopic solvent shifts (842 and Kebarle[13] and as found in recent calculatiof8]. For
674 cm 1) observed for diethylether and acetonitriteGNP comparison, the(OH) stretch of the phenol-diethylether
complexes are still indicative of a large stabilisation of the complex has been determined in solution at 3360twor-
excited state with respect to the ground state. For compari-responding to a red shift of 252 crh with respect to free
son, the shift measured for the phenol—diethylether complex phenol ¢(OH) = 3612 cnt?!) [29]. Furthermore, the red
is 431cnTl. Since no cyclic structure can be formed in shift of thev(OH),-cnp Obtained for the methanol 1:1 com-
these systems, the main interactioroe€NP with these two plex is close to that of the diethylether-complex indicating a
solvents is expected to be located on the- Ol giethylethey nearly identical hydrogen bond strength in the two species.
and OH - - CNacetonitrile hydrogen bonds. It is thus tempt-  Since the proton affinity of methanol is significantly lower
ing to attribute the observed red shift mainly to the increase than that of diethylether (s€kable J), this result illustrates
of acidity between and S state which would be more im-  the cooperative effect at play in the bridged structure of the
portant ino-CNP than in phenol. However, althoughCNP 1.1 methanol complex which enhances the accepting power
exhibits in $ and S a larger acidity than phenol, the mea- of the O atom site of CEDH.
suredApKa ~~ 6 in water solutions is about the same for Another striking point arises from the comparison of the
0-CNP and phenol. In solution, one expects, however, an at-large microscopic solvent shift obtained in the clusters with
tenuation of the CN substituent effect because the delocali-the relatively small solvatochromism observed in solution
sation of the negative charge due to the attracting charactef23]. This discrepancy emphasises the fact that the proper-
of the ortho CN results in a reduced solvation energy of ties of the bulk are strongly different from those of the iso-
o-cyanophenolate relative to phenolate. The resulipg a lated gas phase and shows that solvation effects should play
obtained in solution underestimates the real acidity changean important role in determining the solution properties of
in gas phase complexes. Recent ab initio calculations haveo-CNP. Such a difference between the solvatochromic shifts
also concluded to the larger acidity of cyanophenols with obtained in pure solvents and in the 1:1 complex has already
respect to phend28] but predict that the relative acidity been observed for 2-naphthol in the presence of protic sol-
increase between;Sand § is twice less foro-CNP than vents while non-protic solvents exhibit a similar behaviour
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in solutions and in the 1:1 complexg0]. This effect has normal modes involving the H bond bridges of the 1:1 water
been explained by the dual role played by the solvent which and methanol complexes in order to evidence the spectral
provides the hydrogen bond accepting site for the acidic manifestations of the cooperative motions between the two
chromophore but can act also as a donor to solvate the chropartners.

mophore via Olojvent - - Op-cnp boONnds. This latter interac- To make such attributions we have compared the ground
tion induces a blue shift of thegSS; transition overriding state and excited state measurements with the harmonic
the red shift due to hydrogen bonding from the chromophore frequencies obtained by DFT B3LYP calculations in the
to the solvent. A more convincing way to account for the case of 1:1 complexes @FCNP with water and methanol.
different behaviour between complexes in the gas phase andlhe eight low frequency normal modes are the composite
in solution relies on the solvation effect on the anionic form mixture of the two low intramolecular modes assigned to
[13]. As shown by Granucci et k8], the anions undergoa the out of plane and in plane CN bending vibrations of
larger solvent stabilisation in the ground state than in the ex- the bare molecule and the six intermolecular modes orig-
cited state resulting in an attenuation of the acidity increase inating from the three translations and the three rotations
of the protonated form upon excitation, in solution relative of the free solvent molecules with respect to the chro-
to the gas phase. This explanation is valid for protic solvents mophore. The results of the calculations are reported in
but may also account for the much larger shift of the S Table 2for the cis o-CNP-H0, the cisso-CNPOD-DBO,
transition ofo-CNP observed in isolated hydrogen-bonded the cis-o-CNP—-CHOH and thetrans-o-CNP-HO com-
complex involving non-protic solvents relative to the bulk plexes. The representations of the theéenotions involv-

solution. ing the deformation of the H bond bridge within the cyclic
structure of the 1:1 water complex are also showRim 8.
4.2. Low freguency intermolecular vibrations The vibration found at 139 cmi for the 1:1 water com-

plex, 133cm?! for the deuterated species and 135¢ém
One of the objectives of this work was to assign the exper- for the 1:1 methanol complex involves mainly the relative
imentally observed low frequency modes to intermolecular sliding of the solvent inside the OH and CN pliers of the
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/g
@E:ifﬁj : A - . o
& ?
A

;;
g
i

(a) (b)

201 om’! 219 cr

— - o ’5,3
. é“l\\ s N / ?
& @Q L’ N

(c) (d)

Fig. 8. Intermolecular normal vibrations ofCNP—HO 1:1 complex.
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0-CNP chromophore. The vibrational mode at 173ém  ularly the C—OH in plane bending calculated at 392¢m
for the monohydrate corresponds also to a translation of and the C—-CN bending at 475 cth These two vibrational
H>0O in the plane of the chromophore and can also be rep-modes are active both in absorption and emission in the
resented as a combination of the (dfeny- - - CN and the isolated chromophore. While the calculated frequency of
OH(pheng)- - - O intermolecular H bond stretches with a mi- the latter mode is not modified by complexation with water
nor contribution of the intramolecular CC—N bending. The and methanol, the C—OH bend frequency undergoes a blue
vibrational mode at 201 cnit is the major component of the ~ shift of about 18cm?. A similar blue shift is observed
intramolecular CC-N bending and involves also a combina- experimentally in the fluorescence excitation spectra of
tion of the two hydrogen bond stretches. The vibrations cal- the complexes involving protic solvents where the band at
culated at 187 and 208 cth for the 1:1 methanol complex  370cnT! is shifted to 387 cm?.
are more localised than those of the monohydrate and can
be assigned dominantly, respectively, to the-OKCN and 4.3. Proton transfer reaction
OH. .. O stretches. These three modes are not strongly sen-
sitive to the deuteration since their counterparte-@NP- Although the strong hydrogen-bonded systems observed
(OD)-D,0 are found at 133, 184 and 207 ¢t The most for the o-CNP complexes with water and methanol should
sensitive mode to deuteration in the low frequency region is facilitate the fast proton transfer in the excited state, no ev-
the out of plane torsiom of the water molecule with respect idence was found for any fluorescence attributable to the
to theo-CNP plane found at 214 cn in the hydrogenated ~ o-cyanophenolate anion. The proton transfer reaction ob-
complex and at 150 crt in the deuterated one. The most served in neutral aqueous solutif?B] does not occur in
relevant intermolecular vibrations involving the open form small clusters. Proton transfer has also been proved to be
of the 1.1 water complex built on theansrotamer ofo-CNP hardly observable in water clusters for other hydroxyaromat-
are also listed infable 2 The vibrations calculated at 133 ics such as 1-naphthf81]. The reason for this discrepancy
and 199 cm! are assigned to the in plane CC-N bend and is still not clear and may rest as suggested by Knochenmuss
the H-bond stretclr while the torsionr is at 113 cn?. et al.[31] on dynamic arguments involving solvent motions.
An assignment of the main experimental vibrations can Besides, the cyclic structures of the complexes may also ex-
then be proposed on the basis of these computational resultlain because of their rigidity the lack of proton transfer. It
according toTable 2 The main bands observed at 175 and has to be stressed that, in spite of the strong red shift of their
190cnttin Sy (respectively at 196 and 206 crhin ;) in excitation spectra, similar systems involving bifunctional
the o-CNP monohydrate are assigned to the two coupled in chromophores such as 7-hydroxyquinoline clusters with wa-
plane stretches of the H bonds in agreement with calculatedter and methanol have failed to give rise to the Stokes shifted
values at 173 and 201 crh (Fig. 8b and §. The assign-  fluorescence of the tautomeric form observed in condensed
ment of the third most intense vibrational band observed at phase in the presence of protic solvej2§].
158cntlin S (166 cn! in Sp) is more problematic since The spectroscopy of thee CNP complex with TEA con-
its experimental value is found higher in energy than the in trasts strongly with all the other clusters investigated in this
plane sliding mode calculated at 136c¢h Moreover, this study. The excitation of the broad and continuous absorp-
vibration is strongly shifted in the excitation spectrum of tion band leads to the emission of tleecyanophenolate
the deuterated complex (117 ch). It must therefore corre-  anion. Moreover, the spectroscopic and photophysical prop-
spond to a hindered rotation. The experimental isotope ratio erties of the isolated jet-cooled complex reproduces those
vp/vy = 0.70 is the same as that obtained for the torsion observed in solution. This system appears to be unique
calculated at 219 cnt (Fig. 8d. However, the experimental  in this regard since no ESPT has been evidenced in the
frequency is far below the calculated value for this hindered jet-cooled 1:1 complexes of pherél, 1-naphtho[25] and
rotation. It has been shown in the case of phengtom- 2-naphthol[32] with TEA while it is observed in solution
plex that these modes are strongly anharm@Bijiand thus for the two latter compoundg33,34] Both the enhanced
strongly overestimated in the harmonic approximation. A acidity of o-CNP in § and in § and the large proton affin-
similar explanation should apply here to the 158 ¢mibra- ity of TEA (232 kcal/mol)[35], which provides a strong
tion. In the case of the 1:1 methanol complex, an intense low accepting base for the acidic proton of the OH group from
frequency band appears at 210¢hin the dispersed emis-  0-CNP are responsible for this behaviour. For comparison,
sion. It should be assigned to the OHO stretch calculated  a critical threshold of about 243 kcal/mol was determined
at 207 cnm2. In S; the 1:1 methanol complex exhibits amuch  for the gas phase proton affinity of the basic partner for the
more complex vibrational pattern than the 1:1 water com- ESPT reaction to take place in the case jet-cooled clusters
plex due to the presence of the g€broup[15]. A tentative of 1-naphthol with ammonia or piperidij86].
attribution of the excited state intermolecular frequencies on  The excitation spectra of the-CNP complexes with
the basis of the calculated values is also givefiable 2 the solvents used in this study exhibit sharp lines with
Another point that is worth mentioning concerns the mirror symmetry relationship to the fluorescence spectra
change induced by complexation on the intramolecular suggesting no strong modification of the geometry of the
modes localised on the CN and OH substituent and partic- chromophore upon excitation. This is obviously not the
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case for theo-CNP-TEA complex whose continuous ex- in the isolated complex and explain the shape of the excita-
citation spectrum indicates a dramatic displacement in the tion spectrum, which may consist of two overlapping bands
equilibrium geometry betweenpgSand §. Similarly, the originating from both the neutral and ionic complexes in the
occurrence of naphtholate or phenolate type emission ap-ground state.

pearing for the complexes of 1-naphthol or phenol/ghH The IR spectrum ob-CNP-TEA complex in the region

is accompanied with a sudden broadening of the absorptionof the OH or NH" stretch would be necessary to investi-
[5,25]. This behaviour may be interpreted by consider- gate in order to get an unambiguous signature between the
ing two different hypotheses: either the neutral complex neutral and ionic ground state structures and pump probe
is still the most stable complex in the ground state and IR-UV experiments are planned in the next future to help
the proton transfer takes place without barrier from the to solve this problem. Time resolved experiments would be
initially locally excited o-CNPOH"---TEA state to the  also useful to evidence the dynamics of the eventual proton
lowest o-CNPO*. .. HTEA™T ionic pair or the formation  transfer in the excited state.

of the hydrogen-bonded ion parCNPO™--- HTEAT has

already occurred in the ground state. In the case of the

neutral complex, the broadness of the excitation spectrum5. Conclusions

may be explained by the strong coupling between the two

excited species and the high density of states in the excited We have presented the LIF excitation and dispersed flu-
0-CNPOH"- - - TEA species. In the second hypothesis, the orescence spectra for the jet-cooled complexes-GINP
excitation spectrum corresponds to the transitighSp(L 5) with a variety of solvents. The complexation induces a
of the hydrogen-bonded-cyanophenolate in the Franck large bathochromic shift of thesSS; transition of the chro-
Condon window. Because the negative charge in the anionmophore compared to phenol. The observed results can be
should be more delocalised in the excited state than in theattributed to the effect of the CN substituent in thrtho
ground statg28], one can expect a reduced electrostatic in- position from the acidic OH group and can be rationalised
teraction along the H bond coordinate. The resulting changein terms of three different types of behaviour:

of the equilibrium distance between the ionic partners in the
ground and excited state would also explain the broadening
of the spectrum.

One can have, however, an indication of the feasibility of
the proton transfer reaction in the ground and excited states
by considering the thermodynamic cycle as suggested first
by Chesnovsky25] in the case of 1-naphthol-(NJj, clus-
tersAHacig the ionic dissociation enthalpy of the OH bond

(1) Protic solvents are expected to give rise to bridge struc-
tures connecting the OH and CN groups of the chro-
mophore as previously shown in the case of water and
methanol. The cyclic structure of the water and methanol
complexes have been confirmed by the study of the low
frequency intermolecular vibrations active in the exci-
tation and emission spectra which have been assigned
with the help of DFT calculations.

AHyeiq PAs (2) Non-praotic solvents bearing a single accepting site such
0-CNPOH + TEA—® 0-CNPO" +H' + TEA —®0-CNPO" + TEAH" as diethylether and acetonitrile act as weak Lewis bases
and form also strong hydrogen-bonded complexes with
At i iAH“' 0-CNP as evidenced by the large shift of the phenolic
0-CNPOH...TEA » 0-CNPO ... TEAH" OH stretch in the ground state and that of the-&§
AHpr transition. These results demonstrate the effect of the

CN substituent to increase both the ground and excited
state acidity of phenol.

(3) Complexes involving a strong base such as TEA lead
to the red-shifted emission characteristic of the anionic
form in the jet-cooled conditions and in solution. The
comparison of the spectroscopic properties of the iso-
lated hydrogen-bonded complexesoe€NP with TEA
with the same system in solution show that the proton
transfer reaction can take place both in the ground and
in the excited state. This system provides thus a unique
example to study the mechanism of the acid—base reac-
tion in the isolated gas phase.

of 0-CNP has been measured by comparison with phenol
A Hyeig = 14.56 eV [13]. The proton affinity of TEA PA

is 10.16 eV[35]. The interaction energy due to the hydro-
gen bond in the neutral complexHys is estimated around
0.3 eV while the stabilisation of the ionic pakkHp can be
evaluated by analogy with similar system around 4-4.4eV.
According to these values the enthalpy of the ground state
proton transferAHpt should be close to 0 or slightly neg-
ative and thus the reaction may take place already in the
ground state. The application of the same thermodynamic
cycle to the excited reaction shows that the proton trans-
fer should be exothermic by 0.6 eV. Solution data show that
the ground state ionic pair is in thermodynamical equilib-
rium at room temperature even in a non-polar solvent such References
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