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ABSTRACT: The transition energy of the charge-transfer UV/Vis absorption maxima (c7) and the structure of

the Michler's ketone (MK)—tetracyanoethene (TCNE) electron donor—acceptor (EDA) complex are remarkably
solvent dependent. The UV/Vis spectra of the MK—-TCNE complex were measured in 20 non-protic and seven protic
solvents. In non-protic solvents;,ax ct Of the EDA complex is quantitatively described by a multiple LSE
relationship using the Kamlet—Taft dipolarity/polarizability*) and basicity §) parameters of the solvents. The
influence of the two termg and n* on vmax, cTiS Opposite, indicating a qualitatively different solvent-induced
stabilization of the electronic ground and excited states of the complex. As expected, increasing dipolarity/
dipolarizability of the solvent causes a bathochromic band shift (positive solvatochromism), whereas the basicity of
solvents is responsible for a hypsochromic band shift due to specific solvation of the TCNE site. In protic solvents, the
complex formation is associated with the formation of an ionic speeigs.£ 19800 cm*) derived from Michler's

ketone due to coordination of TCNE at the carbonyl oxygen of MK (called an n-complex). The solvent-induced
switching of ther-complex into the n-complex is demonstrated for mixtures of DCE with protic solvents and for silica
surfaces. Copyrightl 1999 John Wiley & Sons, Ltd.
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INTRODUCTION The charge-transfer absorptiomfax, ¢t hmax, c7)
[Egn. (2)] generally occurs in the UV/Vis region with

Weak complexes between organic electron donors and

acceptors often show a new absorption in the visible humaxer = IP — EA— Ec (2)

region of the UV/Vis spectrum, the so called intermol- '

ecular CT (charge-transfer) absorptibri. The charge-

transfer absorption process from the donor (D) to the EAis the electron affinity of the electron acceptor &l

acceptor (A) of an EDA (electron donor-acceptor) is the electrostatic energg{rpa) of the radical ion pair
complex is attributed to the transition of an electron [A~ D45 9g(ron) P

from the HOMO of the donor to the LUMO of the
accepto® Corresponding to Mulliken’s theorf, this
intermolecular electron transition process can be ex-
pressed by Eqn. (£);°> where the mainly contributing
resonance structure of each state is underlined.

wherelP is the ionization potential of the electron donor,

The appearance of new spectral bands arising from the
CT transition between electron donors and electron
acceptors is especially useful and easy to apply for
several purposes. Accordingly, Ratheteal® used weak
EDA complexes for probing steric effects on the inter-
actions of aromatic donors substituted with bulky alkyl

Kc N hvet groups and acceptors. Electrostatic repulsion arises
A+D —— (A=D<AD")—— between sterically substituted aromatic donors and
variousz acceptor componenfsThis effect contributes
(A=D<A"D") (1) to the value of the Coulomb term of Eqn. (2) and is
detectable by a hypsochromic shift of the CT band
becausep, (the distance between A D) increases.
*Correspondence to: Stefan Spange, Department of Polymer Furthermore, TCNE has been established as a powerful
Chemistry, Chemnitz University of Technology, Strasse der Nationen reference acceptor towards a variety of structurally
62, D-09111 Chemnitz, Germany. i different donors for determining their ionization poten-
Contract/grant sponsorDeutsche Forschungsgemeinschaft.
Contract/grant sponsorFonds der Chemischen Industrie. tial.”
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TheUV/Vis absorptiorenergy >°andthecorrespond-
ing emission energy of EDA complexes are also
remarkablysolventdependent.

The solventinfluenceon the positionof the intermol-
ecularCT absorptionmaximaof weak EDA complexes
has been investigatedfor various electroneutralcom-
plexeS and also of EDA complexeswith charged
components,e.g. positively charged acceptors with
neutraldonorst® negativelychargeddonorswith either
positively chargedacceptoré! or neutral acceptor
and negativelychargedacceptorswith neutraldonors®®
For instance the solvent-dependearCT absorptionfrom
the iodide ion to the 4-ethoxycarbonyN-ethylpyridi-
nium cation was utilized in order to introducethe first
empiricalsolventpolarity scale the Z-scale by Kosower
in 19581aP

According to the establishedtheory of the CT
mechanisnmof weakEDA complexeswith electroneutral
componentg§Eqn. (1)], a bathochromicshift of the CT
absorption band is expectedwith increasing solvent
polarity becausehe polarity of the excitedstateis larger
than that of the ground state of the EDA complex.
However, hypsochromicor poorly definedshifts of the
CT absorptionwasfoundfor someEDA complexeswith
increasing solvent polarity by using stronger polar
solvents,e.g. the polarity of which is expressedy the
dielectricconstanbr the Er(30) solventparameter? The
solvent-inducedshifts of the CT absorptionmaxima of
variousEDA complexeswith chargedcomponentse.g.
the iodide—1,3,5-trinitrobezene complex*® and other
halide—acceptor complexes:*?  the  pyrene—
trophyliumt®®® and other = donor—carbeniumcom-
plexes® and coloured charge-transfer salts, e.g.
tropylium iodide'*® and 4-ethoxycarbonlyN-ethyl-
pyridinium iodide (Z-scale)'*®° can also be interpreted
in terms of specific solvation using empirical solvent
polarity parameterg?¢:12¢:140.15b,16

The influenceof different solventpropertiesuponthe
unprecedentedolvatochromicshifts of varioussolvato-
chromic compounds have often been successfully
analysedby employing the Kamlet—Taft solvent para-
meters:> which arerecommendetby severalauthorsfor
this purpose-"~*° For this application,the Kamlet-Taft
linear solvation energy(LSE) relationship[Eqgn. (3)] is
usedin the form*>17a18

XYZ= (XY2), + (s+ déd)7" + aa + b (3)

where XYZ (vmay IS the solvent-dependenabsorption
maximum of a solvatochromic compound, (XY2q
[Vmax@) is the absorption maximum of the same
solvatochromiccompound measuredin the reference
system.e.g.in the gasphaseor in aninert solvent,z* is
the dipolarity/polarizability of the solvent, § is a
polarizability adjustment term which for aromatic
solventsis § =1, for polyhalogenatedsolventsé =0.5
andfor all othersolventss =0, « is the hydrogen-bond
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donating(HBD) capacityor acidity of thesolvent,S is the
hydrogen-bondcceptancéHBA) capacityor basicityof
the solvent®ands, a, b andd aresolvent-independent
coefficientsreflectingthe susceptibilityof the termsn*,
o, f§, andé, respectively,upon (vmay. Until now, only
relatively weak or moderatelypolar solventshave been
used for investigatingthe solvatochromismof neutral
EDA complexe$§>°° becausehighly polar and strong
donorsolventse.g.alcohols DMSO,DMF andtrimethyl
phosphatepreventthe formationof EDA complexesiue
to competingreactionswith the acceptorcomponentor
radicalion pair formationoccurs®2°

The objectiveof this work wastheinvestigationof the
solvatochromisnof the EDA complexformed between
4.,4-bis(dimethylamind)enzophenone (Michler's  ke-
tone) and tetracyanoethendMK—TCNE), taking into
accountalso the strongerdonor solventsas mentioned
above. In spite of the fact that the UV/Vis spectral
propertiesof the MK—TCNE EDA complex have not
been reported in the literature?* it was chosen for
different reasonsFirst, Michler’'s ketone,amongother
substitutecbenzophenonéé‘,ais well knownto beitself a
solvatochromiccompound:’ Henceit is expectedthat
relatedEDA complexesarealsosolvatochromicSecond,
the CT absorptionband of the MK—-TCNE complex
appearsclearly separatedrom the expecteddisturbing
radical-anionabsorptionof TCNE?® by using stronger
donor solvents.In order to detect with certainty the
charge-transfeabsorptionof the MK—-TCNE complex
alsoin highly polarsolventsa specialUV/Vis technique
wasemployed(seeExperimentakection)becausef the
disturbing reactionsof TCNE with thesevery strong
HBA solvents.

RESULTS AND DISCUSSION

The UV/Vis absorption spectra of the MK-TCNE
complex were measuredin 21 non-protic and seven
protic solvents. The complex was also measured
adsorbedon silica particlesfrom its 1,2-dichloroethane
(DCE) solution.The sstriking observatioris thatthe MK—
TCNE complex exists in two different structures,
accompaniedoy a characteristiccolour changein the
two differentgroupsof solventslt shouldbeemphasized
thatthe formationof two differentkinds of complexesas
a function of solventproperty seemsto be specific for
4,4-bis(dialkylaminopenzophenone—TCNEomplexes.
For comparisonUV/Vis spectroscopi@nvestigationsof
variousotherbenzophenonetacceptorcomplexesvere
carriedoutin DCE, protic solventsandsolventmixtures.
Quialitativeresultsare shownin Table 1.

None of the other investigated EDA complexes,
excluding the unstable MK-TCNQ complex, show a
new absorptionmaximum as the 4,4-(dialkylamino)-
benzophenone-TCNEomplexesdo in DCE by adding

J. Phys.Org. Chem.12, 547-556(1999)
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Table 1. UV/Vis absorption maxima of 10 benzophenone-acceptor complexes, measured in 1,2-dichloroethane (DCE) and in
binary DCE—alcohol mixtures

Benzophenoneomponent Acceptor Vemax (€M) In DCE (CT band) In DCE-ROH
4,4-Bis(methoxy)benzophenone TCNE 22000 -C
4-(N,N-dimethylamino)benzophenone TCNE 15000 -¢
4-(N,N-Dimethylamino)-4-methylbenzophenone TCNE 14920 -C
4-(N,N-Dimethylamino)-4methoxybenzophenone TCNE 14760 -
MK TCNE 14880 19600°
4,4-Bis-(N,N-dimethylamino)benzophenone TCNE 13600 19200
MK TNB? 21000 -
MK TCQ 16000 c
MK TCNQ 14000 19600°
MK (CeHs)sCASFs~ 15000 f

&1,3,5-Trinitrobenzene.
b Tetrachloroi,4-benzoquinone.

¢ Theintensityof the CT absorptiorbanddecreasewith increasingconcentratior{5—10cg g 1) of addedmethanobr 2,2,2-trifluoroethanoTFE). A

novel UV/Vis absorptionbandor a shoulderis not observed.

The intensity of this new absorptionbandincreasewith increasingconcentratiorof methanol,ethanol,propan-2-ol,or cyclohexanol Note that
additionof TFE or 1,1,1,2,2,2-hexafluoropropan-2+ol the benzophenone—acceptoomplexdoesnot causethis new absorptiorband.
€ The MK-TCNQ complexremainsunstablen the presencef protic solvents Within minutes radicalion pair formationoccursandsidereactions
take place.Therefore this complexwasnot suitablefor solvatochromianeasurements.

f The commonalcoholsreactwith the carbeniumsalt.

methanolor otherwell behavedorotic solvents(seethe
discussioron protic solvents).

However, TCNE is known to be a highly reactive
speciesowardsamines;with tertiary aromaticaminesit
yields intensely coloured 4-(tricyanoviryl)arylamine
dyes$? andwith pyridine andwaterit yields pyridinium
saltsandHCN andCO, aregenerated®®“Experimental
preliminariesby meansof *H NMR spectroscoppf MK
and TCNE mixtures showedthat suchreactionsdo not
occurin the solventsstudied provided that moistureis
excluded Also, otherproductswerenot detectedsuchas
expectedfrom electrophilic ortho-substitution of the
phenylring of MK with TCNE 22°

In eachcase,MK and TCNE give a stoichiometric
(1:1) complex.Theformationconstanof the MK-TCNE
complex in DCE was calculatedas K.=7.5 (£+0.5)
1mol™* and the absorption coefficient as ¢ = 1000
(£100) 1moltem™ at vpacr=14880cm ' by
meansof the methodof Scott?® Thus, the MK-TCNE
complexaccomplishetheconditionfor aweakintermol-
ecularinteractionaccordingto the Mulliken theory?

Owingtoits versatileUV/V is spectroscopibehaviour
andits unexpectedhhigh stability in different classeof
solvents,we investigatedthe solvatochromisnmof MK—
TCNE in order to establishan indicator that may be
suitable for detecting manifold microenvironmenta
polarities. First, we will present the results from
measurementsarriedout in non-proticsolvents.

Non-protic solvents

The solvent-dependenCT absorptionmaxima of the
MK-TCNE complex as measuredin 21 non-protic
solventsarecompiledin Table2.

Copyrightd 1999JohnWiley & Sons,Ltd.

In eachcase,the typical CT absorptionband of the
MK-TCNE complex could be detectedin non-protic
solvents.n the strongdonorsolventsDMF andDMSO,
the CT absorption was immediately recorded after
mixing the components(see footnotes to Table 2).
During the first few secondsafter complex formation,
no disturbing influenceswere detected.The observed
bathochromicband shift observedfor the MK-TCNE
complex(Av =3100cm ) rangesfrom trimethyl phos-
phate (No. 21, highest observedvmax, c1) t0 1,1,2,2-
tetrachloroethanéNo. 1, lowestobserved/mayx c1)-

The resultsof multiple correlationanalysesf the CT
maximawith various empirical solvent parametersare
summarizedn Table 3.

Polarity scaleswhich are basedon a single reference
processe.g.the DN (donor number)or AN parameter
(acceptornumber)of Gutmanrt® and the E1(30) para-
meter of Reichardt:* are not suitableto explain suffi-
ciently the solvatochromisnof the MK—TCNE complex.
Advantageously,it can be shown that a multiple
correlationaccordingto Eqgn. (3) by usingthe Kamlet—
Taft solvent parameters and n* is very suitablein
describingthe solvatochromsm of this EDA complexin
non-proticsolvents(Fig. 1):

Umaxct X 1073 /cm™! = 16.667 — 2.4267" + 3.0283
(4)

It is interestingthat the respectivanfluencesof the
andr* termsof the solventon the value of vy« cT are
opposite.An increasein the dipolarity/polarzability of
the solvent,as measuredyy n*, causesa bathochromic
bandshift dueto a strongersolvationof thelargerdipolar
andmorepolarizableexcitedstate(D*" A~") of the EDA

J. Phys.Org. Chem.12, 547-556(1999)



550 S.SPANGEETAL.

Table 2. Charge-transfer UV/Vis absorption maxima of the MK-TCNE complex, measured in 21 non-protic solvents of different
polarity, and the solvent parameters used in the correlation analysis (taken from Refs '>1¢ and '&®)

No. Solvent Vmax.cTX 10 (cm™) m* B o DNP AN
1 1,1,2,2-Tetrachloroethane 14.30 0.95 0.00 0.00 — —
2 Dichloromethane 14.87 0.82 0.10 0.13 1.0 20.4
3 1,2-Dichloroethane 14.88 0.81 0.10 0.00 0.0 16.7
4 Nitrobenzene 15.05 1.01 0.30 0.00 4.4 14.8
5 1,1-Dichloroethane 15.36 0.48 0.10 0.10 — 16.2
6 Acetonitrile 15.64 0.75 0.40 0.19 11 18.9
7 1,1,1-Trichloroethane 15.72 0.49 0.00 0.00 — —
8 Benzene 15.80 0.59 0.10 0.00 0.1 8.2
9 Acetophenone 15.84 0.90 0.49 0.04 15.0 —

10 4-Butyrolactone 15.90 0.87 0.49 0.00 18.0 17.3

11 Toluene 16.12 0.54 0.11 0.00 0.1 —

12 Ethyl benzoate 16.30 0.74 0.41 0.00 15.0 —

13 1,4-Dioxane 16.32 0.55 0.37 0.00 14.3 10.3

14 Cyclohexanone 16.44 0.76 0.53 0.00 18.0 —

15 Dimethyl sulphoxide 16.68" 1.00 0.76 0.00 29.8 19.3

16 Butan-2-one 16.72 0.67 0.48 0.06 17.4 —

17 N,N-Dimethylformamide 16.758 0.88 0.69 0.00 26.6 16.0

18 Isobutyl acetate 16.76 0.46 0.45 0.00 15.0 —

19 Ethyl acetate 16.80 0.55 0.45 0.00 17.1 9.3

20 Tetrahydrofuran 16.92 0.58 0.55 0.00 20.0 8.0

21 Triethyl phosphate 17.26 0.72 0.77 0.00 26.0 —

& Theradicalanionof TCNE is immediatelyformed.
® DN = donornumber;AN = acceptomumber.

Table 3. Correlation equations for the correlation of the solvent-dependent UV/Vis absorption maxima (vmax, c1) With the solvent
parameters AN (acceptor number), 8, #* and DN (donor number): XYZ= XYZy+ a AN+ b+ s=n* + d DN

XYZ XYZ a b s d r2a SO?

ver x 1073 (cm™Y) 17.623 -0.113 — — — 0.360 0.678
ver x 1073 (em ™) 14.997 — 2.733 — — 0.663 0.645
ver x 1073 (em™3) 17.248 — — —1.720 — 0.137 0.780
ver x 1073 (em ™) 15.178 — — — 0.067 0.666 0.450
ver x 1073 (em ™) 16.667 — 3.028 —2.426 — 0.930 0.232
ver x 1073 (em ™) 16.900 — — —2.340 0.070 0.920 0.231
ver x 1073 (em™3) 17.322 —-0.135 — 0.852 — 0.382 0.702
ver x 1073 (em™Y) 16.063 -0.072 2.546 — — 0.881 0.308

ar2 = Correlationcoefficientsquared SD = standarcdeviation.

complex. This resultis expectedand agreesvery well
with the theory??2®The hypsochromicshift of the CT
bandonincreasinghe Lewis basicity of the solvents as
measuredby S, hints at a specific solvation of the
electronicgroundstateof the EDA complex.Becausehe
solvatochromicshift of pure MK is not affectedby the
solvent'sbasicity!’ the specificsolvationof the TCNE
componenshouldto beresponsibldor this effect,which
is observedor thewhole MK—TCNE complex.A similar
explanationrwasalsousedin interpretingthe hypsochro-
mic shift of the CT bandof five differentalkylbenzene—
TCNE complexeswhich have beeninvestigatedin the
two solvents, 1,2-DCE (=0.1) and acetonitrile
(8 =0.40)>1 It is also well establishedthat TCNE
interacts weakly with n donors>”:°® Therefore, we
concludethat the influenceof the  term upon vmax ct

Copyrightd 1999JohnWiley & Sons,Ltd.

is dueto a specificsolvationof the TCNE componensite
in the ground stateof the EDA complex. It shouldbe
notedthatthe goodlinear correlationshownin Fig. 1 is
only valid for non-HBD solvents.

In spiteof the positivesolvatochromsmof pureMK in
HBD solvents,which is well documentedy a multiple
LSE relationshipincluding the n* and o term of the
solventst’ a different behaviouris observedfor the
solvatochromismof the MK—TCNE complexin protic
solvents.

Protic solvents

The characteristicbroad CT absorptionmaximum of
MK-TCNE is not observedn all pureprotic solvents A

J. Phys.Org. Chem.12, 547-556(1999)
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Figure 1. Linear correlation of the experimental UV/Vis absorption maxima of MK-TCNE and the values predicted according to

Eqgn. (3). The inset shows the structure of MK-TCNE

new visible absorption band appearsat about v=

19800cm * in methanol,ethanol, propan-2-ol,cyclo-

hexanol, 2,2,2-trichloroethanoland benzyl alcohol as
solvents.The samenew bandis observedn the UV/Vis

spectrumof the MK—TCNE complex,measuredn DCE
by successivehaddingmethanol Figure2(a) showsthat
the characteristicCT absorptiorbandof the MK—TCNE

complexat vmax = 14880cm * (Amax= 672nm) de-
creases and a new absorption maximum at
Vmax= 19800cm ! (Amax=505nm) simultaneouslyin-

creasesOnincreasingheamountof methanobhddedthe
appearanceof an isosbesticpoint at v =18900cm *

(A =530nm) s clearly detectablan the UV/Vis absorp-
tion spectrum.

Obviously, the MK-TCNE complex in DCE is
converted stoichiometrically into another species by
protic solvents,as indicated by the appearancef the
isosbestigoint asseenin Fig. 2(a). The new speciess
fluorescent,as shown in Fig. 2(b); the fluorescence
intensity of the emissionat A =560nm increaseswith
increasingmethanolcontentin the mixture correspond-
ing to the increasein the absorptionintensity of the
carboxeniunmewitterion formed (for an explanation,see
later) at A =505nm.

Identical spectraseries,asshownin Fig. 2(a) andFig
2(b), are also obtained by titrating the MK-TCNE
complexin DCE with ethanolpropan-2-olcyclohexanol
or benzyl alcohol. The UV/Vis spectrumof the last
example shows no isosbestic point becausebenzyl
alcoholand TCNE alsoform a typical z-complex.

In protic solvents, MK undergoesomplexformation
with TCNE via the non-bondingelectron pair of the
carbonyloxygenatombecause stronginteractionof an

CopyrightO 1999JohnWiley & Sons,Ltd.

electrophiletowardsthe carbonyloxygenof MK causes
theformationof acarboxeniunewitterionthatabsorbsn
the UV/Vis region at about \=500nml"2*
[4-(CH3),NCgH,4)].COR" speciescan also be formed
by complexingMK with methyl triflate (MTF), bromo-
triphenylmethane (TPMB) or trimethylsilyl triflate
(TMSTF) in DCE or CD,Cl,. The formation of O-
substitutecbxeniumg4-(CHs),NCgH,4)],COR" is usual-
ly associateavith atypical UV/Vis absorptiormaximum
at about A a=500nm. The UV/Vis absorptionmax-
imum of the oxeniumof MK is slightly dependenbtnthe
O-fixed substituent: R=—CHz, Vmax=18900cm
R=—Si(CHy)s, Vmax=19700cm*; and R=—
C(CgHs)a, Vmax=19960cm . A hypsochromicband
shift is observedin the order R =—CHs; <—Si(CHy)s
<—C(CgHs)s. This effect is due to the fact that the
conjugationalongthe n-electronsystemis disturbedby
the O-fixed substituenbecause growing stericdemand
of the substituenR causesan increasingtwisting of the
phenyl—C" bondX"PAll attemptgo isolatethenovelred
[4-(CH3),NCgH,4)].COR" compoundsaspurecrystalline
solids have failed so far.2° Structuraldataand UV/Vis
spectroscopicresults for analogous compounds are
particularlyreportedfor adductsof MK with substituted
phenolsandtrifluoromethaesulphonicacid 24

Using 2,2,2-trichloroethanolas solvent, the MK—
TCNE complex was obtainableas a red oil. This oil
wassuitablefor investigationby *H NMR spectroscopy
in CDCl;. Besidesthe signalsof the two N,N-dimethyl-
aminogroupsof unreactedK até = 2.95ppm,only one
new single signal of the dimethylamino groups at
6 = 3.13ppmappearedndicatingthesinglecoordination
of an electrophileat the oxygen atom of the carbonyl

J. Phys.Org. Chem.12, 547-556(1999)
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Figure 2. (a) UV/Vis absorption spectra series of the MK-
TCNE complex as obtained with successive additions of
methanol.  Conditions: [TCNE]=8.6 mmol =" [MK]=
20 mmol I="; solvents, 1,2-dichloroethane (12 ml). Addition
of methanol: (1) MK-TCNE in 1,2-DCE (without methanol);
(2) addition of 0.012 mol I~" methanol: (3) 0.363 mol I ": (4)
0.722 mol 1" (5) 2.061 mol I ". (6) Corresponding emission
spectra series of the MK-TCNE complex. Excitation wave-
length: A =505 nm

group. Correspondingly, the model compound
[4-(CH3),NCgH,4],COSi(CH)s" CF:SO;~ shows the
single 'H signal of the dimethylamino groups at
§=3.25ppm?=°

Owingto theverylow concentratiorof the MK—TCNE
complexin DCE—alcohomixtures(below1% of thetotal
amount of the MK componentused), NMR and IR
measurementswvere unsuccessfulin elucidating the
structurein solution.

Accordingto the experimentafesults,we suggesthe
following explanation.The former EDA = complex of
MK-TCNE (in 1,2-dichloroethaneis transformednto a

CopyrightO 1999JohnWiley & Sons,Ltd.

zwitterionic complexby protic solvents(Schemel). For

instance,the formation of similar zwitterions between
phenazinedonorsand TCNE was suggestedy Dietz et

al?’ In the presentpaper, the zwitterionic form is

designatedas an n-complex becausethe interaction
betweenthe non-bondingelectron pair of the oxygen
atomof MK andthe antibondingrn* orbital of TCNE is

the dominant step, and the oxenium zwitterion (2a)

shouldbethe maincontributingresonancstructure The
contributions of the mesomeric carbenium (2b) and
immonium(2c) (quinoid form) structuresstabilizethe n-

complex. Since not only the n-electronsat the oxygen
atom are involved, but also the =*-electrons of the

carbonylbond,it is notapuren-complex.Thisdiscussion
showsthatawell definedassignmenof thecomplextype

is not possible.

According to the exact definition of solvatochro-
mism* it should be noted that the formation of the
zwitterion, associatedwith the UV/Vis absorptionat
Amax=500nm, does not fit well in this accurate
description becausethe observedUV/Vis absorption
maximaareattributedto specie®f differentconstitutions
and, therefore,aredueto qualitatively different electro-
nic transitions.

It is conceivabldhatthe negativelychargedsite of the
MK-TCNE zwitterionic speciesis either stabilized by
specificsolvationwith the HBD solventor evenbecomes
protonated.Consideringthe pK, valuesof 15-19 and
0-12 of the correspondingprotic acids ROH (protic
solvents) and C(CN)H to C(CN)H, (cyanomethane
derivatives)??°2® respectively, the zwitterionic form
should be the dominantspeciesin the protic solvents
methanol ethanol,propan-2-olcyclohexanobndbenzyl
alcohol. Oxeniumformationis not observedbn titrating
the MK—TCNE complex(in DCE) with extremelypolar
protic solvents such as 2,2,2-trifluoroethanol [TFE,
E+(30)=59.8,pK, = 12.4]*?®0r 1,1,1,3,3,3-hexafluoro-
propanol [HFI, E1(30)=65.3, pK,=9.3]1%28 The ab-
sorption intensity of the CT band of the MK-TCNE
complexatv = 14880cm ' in DCE decreasedrastically
with increasingconcentratiorof addedTFE or HFI; this
changeis evidentlylargerasobservedwvith methanolor
theotheralcohols.Thetwo strongHBD solventsTFE and
HFI strongly solvate the MK componentitself and
competewith the TCNE component.The latter effect
doesnot occurin protic solventspossessingK, values
rangingfrom 15to 19, i.e. from methanoko propan-2-ol.
Furthermorethe positively chargedsite of the zwitterion
requiresthe stabilizationby two dialkylamino groupsin
the para positionof the phenylrings. It appearghatthe
electrophilic strength of TCNE is not sufficient to
generatean oxenium speciesof such benzophenone
component® with weaker donor substituents than
dialkylamino groupsin the para position of the phenyl
rings (seeTable 1). However,an electrophilicattack of
the TCNE upononeof the dimethylaminogroupsof MK
is alsoconceivableHowever,the latter effectwould not

J. Phys.Org. Chem.12, 547-556(1999)
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Scheme 1. Occurrence of the MK-TCNE complex in non-protic and protic solvents

causea bathochromicshift of the UV/Vis absorptionof
MK as observed.In contrast,a hypsochromiceffect
would be expectedin this case. The results of the
fluorescence  measurements  of the [4-

(CHg),NCgH,4],COR" speciessupport our suggestion.

The Stokesshiftobservedor the positively chargedpart
of the MK-TCNE zwitterionic ~ complex
(Av=1620cm ") is much smaller than that for [4-
(CHg)o,NCgH4],COCH;™ (Av = 2100cm ™). As a conse-
quenceof this result,a smallerdifferencein the dipole
momentbetweertheelectronicgroundandexcitedstates
of the oxeniumpart of the MK—TCNE zwitterion would
be expecteccomparedwith [4-(CH3),NCgH,4],COCH;™.
This can also be explainedas being due to the larger
stericeffect of the TCNE substituentomparedwith the
methyl group. Hence the TCNE substituentcausesa
strongettwisting betweerthe phenylringsandthecentral
carbonatom.

In the pure solvent HFI, the MK-TCNE complex
undergoegompletedissociationinto the radicalion-pair
salt (MK ™" TCNE ). The sharpvisible absorptionband
of the MK ™" radical cation appearsat v = 15000cm ™.
The favoured stabilization of radical cations in the
extremelypolarandhighionizing powersolventHFI has
beenreportedrecentlyby Ebersoret al. in detail>® Our
resultsarein completeagreemento the resultsgivesby
Ebersonet al.?® In pure TFE, MK and TCNE yield a
mixture of both MK"TCNE - and [4-
(CH3)oNCgH4],CT*—0O—C(CN)—C(CN), .

CopyrightO 1999JohnWiley & Sons,Ltd.

Silica surface

The - andthe n-complexof MK—TCNE eachexhibit a
characteristitJV/Vis spectrumBoththeinfluenceof the
solvent’s dipolarity/polarzability and basicity on the
charge-transfeienergy and the influence of the HBD
property on the switching of the EDA complexcan be
demonstratedoy adsorptionthe MK-TCNE complex
from DCE solution on the surfaceof different silica
particlesin suspensiomf DCE. The silica samplesused
were Aerosil 300 and KG 60. The surfacesof these
materialsare evidently polar (z* =1 + 0.2) and beara
large HBD capacity (x =1 4+ 0.2), whereasthe HBA
capacityis very low (f=0.2 to —0.26). The polarity
parametersf Aerosil300andKG 60werealsomeasured
in DCE andtakenfrom Ref. 30a.

Immediately after mixing the green MK-TCNE
complex DCE solution with dried silica, the solution
phaseturnscolourlessandthe EDA complexis adsorbed
completelyon the particle surfaceby using appropriate
amountsof both componentsAccordingto the value of
the polarity parametersof the silicas, the following
effectsareexpectedabathochromicshift of the CT band
andthe appearancef the oxeniumspeciesput probably
alsoof theprotonatedzwitterionbecausehe pK, valueis
about2-3for baresilicas.

ThecorrespondindgV/Vis spectrebeforeandafterthe
adsorptionof MK—TCNE on the two differentsilicasare
shownin Fig. 3.

J. Phys.Org. Chem.12, 547-556(1999)
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Figure 3. UV/Nis absorption spectra of the MK-TCNE
complex (1) in 1,2-DCE, (2) adsorbed on the KG 60 surface
and (3) adsorbed on the Aerosil surface

For KG 60, the characteristicbroad charge-transfer
absorptionbandof the adsorbedEDA complexesshifts
bathochromicajl becausethe dipolarity of the silica
surfaceis higherthanthat of DCE. The observedband
shift correlates very well with the value expected
accordingto Egn. (3) if oneconsidersonly the n* term.
The basicity propertiesof bare silicas are difficult to
analyse®® Thus, the solvatochromisnof the adsorbed
MK-TCNE complexcan be usedto achieveadditional
information aboutsurfacepolarity *°° As expected the
oxenium absorption maximum of MK at vmax=
19800cm™* (A =505nm) appearson adsorption on
silica. The ionic form is producedby the acidic silanol
groups analogouslyas observedin protic solvents. It
should be noted that the concentrationof the oxenium
species, which is generatedon the silica surface,
increaseswith time. After 1 day, a dark reddish
suspensiolis obtained.

For comparison,the related model compound [4-
(CHs3),NCgH4],COCH;" canbe generatedjuantitatively

o = R
_ |
OH + R'R*C(OR), =2, 0—C—~OR
2
Z “Z R

R
R'=R’= alkyl R'=R’= @—N\

2

aryl R

Intensity  [a.u.]
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'

’
'
'
1
i

L 1
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Figure 4. UV/Vis (1) absorption and (2) emission spectra of
[4-(CH3),NCgH4,COCHs™ chemisorbed on Aerosil 300 in
DCE

by chemisorptiorof the dimethylketalof MK on a silica
surface. The correspondingUV/Vis absorption and
emission spectra of [4-(CH3),NCgH4],COCH;* ~O-
silica  (Vmax.abss 18860CM ™ vimay em= 16700cm ™)
areshownin Fig. 4.

[4'(C2H5)CH6H4]ZCOCH3+ (Vmax,abs= 185oocm_1;
Vmax,em= 166900m‘1) was generatedby the same
procedurelt shouldbe emphasizedhat the processor
generatinghe [4-(CHg),NCgH,],COCH;" is very sensi-
tive to water impurities (see Experimental section).
Figure 4 showsa successfukexperimentbecausen the
regionbetween\ = 350and420nm thereappeameither
an additional band nor shouldersderived from MK
impuritieswhich areformedby reactionof the dimethyl
ketal of MK with residualtracesof water. The bath-
ochromicshift of the UV/Vis absorptiormaximumof the
oxenium(Av =500cm 1) observedor the diethylamino
ascomparedvith the dimethylaminoderivativeis dueto
the stronger positive inductive effect of the ethyl
groups'’?

Acetalsandketalsusuallyreactwith silicain forminga
functionalizedsurface(Scheme2) 3*

Thetwo strongn-donatingdialkylaminogroupsin the
parapositionof the phenylring significantlystabilizethe

= R!
_ol
0°c20R
L2
Z R

Scheme 2. Surface reaction of ketals with silanol groups
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positive chargeof the central carbonatom. Hencethe
nucleophilicity of the silanolateis too low to form a
covalent bond in this case. The structure of the [4-
(CH3),NCgH,],COCH;* presenton the silica surface
was provedby the surfacereactionwith tri-n-butylstan-
naneas hydride donor. Tri-n-butylstannands a strong
nucleophile that reacts even with weak electrophilic
cations? but not with the covalentprecursorMK or its
dimethylketal [4-(CH3),NC¢H,4] ,CHOCH; wasobtained
in moderateyield (see Experimentalsection). Surpris-
ingly, amigrationof theortho-linkedmethylgroupto the
nitrogen atoms was not observed. Perhapsthe two
dialkylaminogroupsare protectedby surfacesilanols.

CONCLUSION

The MK-TCNE EDA complexis suitableasa UV/Vis
spectroscopicpolarity probe for the investigation of
environmentspossessindgoth HBD capacity and high
dipolarity/polarizability properties. In non-protic sol-
vents, the visible absorptionmaxima of the CT band
correlatesvell with theKamlet-Taftz* andf parameters
of the solvents.In moderateprotic solvents,a zwitter-
ionic specieds formeddueto coordinationof TCNE at
the carbonyloxygenof MK. Furthermorejn the caseof
highly ionization power solventswith E+(30) >58, the
EDA complexdissociatesnto its correspondingadical
ion pair.

EXPERIMENTAL

Materials. TCNE was sublimedunderreducedpressure
beforeuse.TCNQ, 1,3,5-trinitrobenzenandtetrachloro-
1,4-benzoquinoneere purchasedrom Fluka. MK from
Merck was recrystallizedtwice from ethanoland dried
carefully over CaH,. Methyl triflate and trimethylsilyl
triflate werepurchasedrom Merck andusedasreceived.
Bromotriphenyinethanewas purchasedrom Merck. It
wasrecrystallizedrom toluene—hexaneontaining2% of
acetylbromide.

The solventswere carefully dried andfreshly distilled
before use. The purity was checkedby measuringthe
E+(30) solvent parameter.DCE was distilled freshly
beforeusein eachcaseandstoredoveraluminato avoid
tracesof HCI.

Aerosil 200andsilica (LC 1500,Grace)weredried at
400°C for 12h beforeuseandallowedto cool to room
temperaturaunderdry argon.

The substitutedbenzophenonesvere commercially
available products except 4-(N,N-dimethylamino)-4
methoxy- and 4-(N,N-dimethylamino)-4methylbenzo-
phenoneThesetwo compoundsvere synthesizedrom
the correspondingbenzanilide componentand N,N-
dimethylaniline by a Friedel-Craftsreactionaccording
to Ref. 33.

CopyrightO 1999JohnWiley & Sons,Ltd.

The dimethylketalof MK wasobtainedby a two-step
synthesidrom the MK dichlorideandsodiummethoxide
in methanobkccordingo Ref.34. This procedureequires
carefulexclusionof tracesof waterto preventunreacted
MK remainingasimpurity.

To prepare an Aerosil-dichloroethanesuspension,
about0.5g of Aerosil 200 was suspendedn 15ml of
1,2-dichloroethane.

Procedure for preparing [4—(CH3),NCgsH4,COCH3"
~O-silica. A 0.8g (2.3mmol) amountof the dimethyl-
ketal of MK wasaddedto a suspensiomf 9.8 of silica
(LC 1500)in 15ml of 1,2-dichloroethanéA darkreddish
suspensionwas immediately obtained. After adding
1.2ml (4.5mmol) of tri-n-butylstannaneo the mixture,
thereddishcolourof thesilica disappearedndit became
colourless A samplefrom the supernatansolutionwas
takenfor thin-layer chromatographyfTLC platesfrom
Merck, KG 60 F,s4 mobile phasegcyclohexane—acetone
(70:30, v/v)]. The chromatography showed [4-
(CH3)oNCgH4],CHOCH; in additionto thedimethylketal
of MK. [4-(CH3)oNCgH4.CHOCH; was assignedby
using the methoxy ether of Michler's hydrol as a
reference compound. The vyield of [4-
(CHs3)oNCgH,4] ,CHOCH; was30-50%.

Spectra. The UV/Vis spectravererecordedby meansof
an MCS 400 diode-arrayspectrometefrom Carl Zeiss
Jena,connectedwith an immersioncell (TSM 5) via
glass-fibreoptics.In atypical experimentMK andTCNE
weredissolvedin the puresolventandthe spectrunmwas
immediatelyrecordedasa function of time, after mixing
the individual componentsn the reactionvessel.The
concentratiorof MK was20mmol |~ andthatof TCNE
was8.6mmol |,

The fluorescencespectrawere recordedwith an RF-
5001 PC fluorescencepectromete(Shimadzu).

NMR spectrawererecordedwith a 300MHz Gemini
NMR spectrometefrom Varian.

Correlation analysis. Multiple regressionanalysiswas
performedwith the SPS$6.1 statisticprogram.
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