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Spectroscopic and kinetic experiments on the naphthaigimeethylamine van der Waals (vdW) complex in

a molecular beam are described. When the complex is vibronically excited, as well as a small amount of
fluorescence characteristic of naphthalene, a broad, featureless, red-shifted emission is observed. This is
attributed to fluorescence from an excited charge-transfer (CT) state of the cluster. Unlike naphthalene
triethylamine, the trimethylamine complex has absorption transitions with measurable rotational structure,
and approximate rotational constants of 490, 500, ancH960 MHz were obtained. The rise time of the CT
emission is~60 ps when excited into the S 455 cnt?, 8(hyg)?, naphthalene transition, and its decay lifetime

is 56 + 3 ns. This lifetime increases as the excitation energy increases to reach 30% at $ + 1131

cm Y, 8(lug)*8(ay)*, which is the opposite trend to that which is observed in other naphthadeniee complexes.

The geometry of the complex was determined from the rotational constants and by ab initio calculations. The
amine was found to lie symmetrically disposed about the naphthalene long axis and above one of the
naphthalene rings, with its hydrogen atoms toward the naphthalene. The results are interpreted in terms of
the crossing of the initial locally excited (LE) state of the vdW complex, which has mainly naphthalene
character, to the CT state.

Introduction complexes. We observed (see below) a 19-tmshift in
trimethylamine and-28 to—30-cnT? shift in triethylamine (see
also Bisht et al). By contrast, the observation of exciplex

N fluorescence depends on the ionization potential of the amine,

and as might be expected for an electron-transfer reaction, a

high ionization potential relative to the acceptor is found to be

energetically unfavorabfeThe exciplex emission has a char-
acteristically broad quasi-Gaussian shape in each of the com-
plexes studied, and the shape and wavelength of maximum
emission are largely independent of excitation wavelength in
any one type of complex.

The CT complexes have been classified into three cases with
the parameteA = Ip + Ea — Esj, wherelp is the ionization
potential of the donoiE, is the electron affinity of the acceptor,
andEg; is the excited-state energy of the acceptor. Large values
of A, >4.5 eV, correspond to the case in which the LE state is
lowest in energy for excitation from the ground-state vdwW
complex and there is weak interaction between donor and
acceptor. The second case occurs wher 3.5 eV and the
CT state is lowest in energy. In the third, intermediate, case
both species are similar in energy and, consequently, interact
strongly?

We report here on the formation, decay, and geometry of
the CT complex between naphthalene and trimethylamine (N
TMA) and compare it to the triethylamine complex-iNEA).

Excitation of the locally excited (LE) state of an electron
donor, D, and acceptor, A, van der Waals (vdW) complex ca
lead to an excited charge-transfer (CT) stateAD, also called
an exciplex. In the condensed phase it has been known for abou
30 years that naphthalene, like many other aromatics, forms
exciplexes with numerous amines, both inter- and intramolecu-
larly, but not until 1982 was the first observation of fluorescence
from a CT state in a free jet reported by Russell and Levy.
The extent of exciplex formation was observed by monitoring
fluorescence-excitation spectra, and single-vibronic-state life-
times were obtained. This observation was shortly followed by
others? and in 1-cyanonaphthalentriethylamine, exciplex
formation was shown to be generally more favorable at higher
vibrational energie&?

Saigusa et dl.made the interesting observation that antS
402 cnt! mode produced naphthalene-like emission, but the
S, + 402+ 10 cnt! combination mode, formed with &10-
cmtintermolecular vibration, showed exciplex emission, thus
identifying the promoting mode for the reaction,(\&IW) —

CT. Saigusa and Lirfialso using 1-cyanonaphthalene (1-CNN),

showed that the shift in the excitation spectrum upon vdW
formation depended on the size of the amine complexed, not
its ionization potential. This observation indicates that the
stability of the complex is determined by the dispersion
interaction. In 1-CNN-amine complexes, the larger amines have
a smaller spectral shift relative to the band origin, for example

N , . o . ) . . . .
29 cnt* for trimethylamine down to-6 cn ™ for tripropyl A supersonic expansion was made by expanding a mixture
amine. A similar but greater trend is true for naphthatezimine of naphthalene and amine, diluted in helium, through a nozzle
" ~with a pinhole of 100um. The nozzle contained a heated,
To whom correspondence should be addressed. E-mail: gtainjess-steel-crucible reservoir (148) for the naphthalene,

Godfrey.Beddard@chem.leeds.ac.uk. . . . . o

* Premanent address: Unilever Research, Quarry Road East, Bebingtonthrough which the helium backl_ng gas_(hellum, 99.95% BOC)
Wirral CH63 3JW, UK. was made to flow. The nozzle tip was independently heated to

Experimental Details

10.1021/jp0010334 CCC: $19.00 © 2000 American Chemical Society
Published on Web 07/29/2000



7786 J. Phys. Chem. A, Vol. 104, No. 33, 2000 Andrews et al.

ca. 10°C more than the reservoir in order to prevent clogging monochromator (Spex 1702/04). A fast photomultiplier (Philips
and was positioned so that the expanded jet of molecules movedXP2020Q) was placed at the exit slits, and the entire anode
perpendicularly to the direction of the excitation laser. Fluo- signal from the photomultiplier was sampled by a boxcar

rescence was collected by a fused-silica conderise26 mm, integrator (Stanford Research SR250). Typically,—200
Melles-Griot 01-CMP 111) arranged perpendicularly to both signals were averaged. A photodiode detector (RS 194-076,
the laser and the molecular beam axes and focuse?ir@m OSD15-5T) with a matching boxcar integrator corrected for the

below the nozzle so thatd = 20—30. Care was taken to laser intensity fluctuations. Longer, nanosecond, decays could
minimize the laser scatter in the chamber by baffling the laser also be recorded by using an oscilloscope (Tektronix TDS 460)
light as it entered and exited the apparatus. A high-throughput instead of a boxcar. The time resolution was 2 ns, and typically,
250 n# hr1 pump (Edwards EH250-ED660) was necessary to 256 profiles were averaged for each decay lifetime. At times
keep the background pressure at approximatelyt bibar. longer than about 400 ns, the effects of fly-out could be
The liquid amines were introduced into the gas flow by observed. When measuring the fluorescence-excitation spectra,
bubbling the helium through an ice-cooled reservoir external the signal was sampled near the peak of the fluorescence

- - spectrum through the monochromator with a bandwidth, set by
0, ’
to the vacuum chamber._ Tr_|ethylam|_ne (TEA) (.99 %, Lancaster) the slit width, of~3 nm; centered at 318 nm for naphthalene,
was used as the pure liquid and trimethylamine (TMA) as an
. S e 375 nm for N-TMA, and 395 nm for N-TEA.
aqueous solution (2527 wt %, Aldrich) in a manner similar

to that of Saigusa and LithBecause of the high vapor pressure The grqund-state geometry of the .VdW complex was estl-
of the pure liquid TMA, an aqueous solution was used, which mated using standard quantum chemistry methods, initially by

. . . . density functional theory, B3YLP/aug-cc-pVDZ, and then by
made thg concentratlorj of the TMA.'” the jet casier to contrpl. MP2/cc-pVDZ. These results, which are described in more detail
The relative concentration of the amine was adjusted by varying

the bubble rate through the reservoir_ with a precision-needle SE:::/\’I (;/éeirne tnglﬁm rlg slliégiféﬁ;%%?]n S(;Ltcr:fa_band profiles
valve (Hoke) until the fluorescence signal from the complex
was maximized. We had previously attempted to observe
naphthalenewater clusters but were unable to detect a signal.
The jet of naphthalene was characterized spectroscopically to Excitation Spectra. The fluorescence-excitation spectrum
ensure that the expansion conditions were adequate. Vibrationa(FES) of jet-cooled naphthalene and the-NVIA complex
hot bands were not significant unless the backing pressure wasexcited on the §'Bsy) < So(*Ag) electronic transition is shown
much lower than that normally used, 4.5 bar. It was shown in Figure 1. The wavenumber scale is relative to the weak
that at lower amine concentrations the fluorescence-excitation naphthalene ©0 band origin (not shown) at an excitation
spectrum was unaltered, demonstrating the absence of largeenergy ofhw x 32020 cnt? (312.30 nm), and the intensity of
clusters in the jet. Adding an excess of amine reduced the each spectrum was normalized with respect to the figgt b
relative intensity of the N TMA complex signal and added extra  Symmetry vibrational band at either435 (naphthalene) or
peaks to the FE spectra, presumably duet(TWA), clusters. ~ ~455 cn* (N—TMA), respectively. In naphthalene, the relative
Two types of lasers and detection methods were employed.'ntens't'es of the peaks do not match_exactly those rep_orted
To investigate the fast response of the fluorescence, a homePreviously by Behlen et af: due to the difference in detection

built, time-correlated, single-photon counting instrument (TC- methodhs. In tour (.:t?i% we fl'l(tjeretlj'tthe ﬂtjor%scencgemwnh a
SPC) was used. The fwhm of the instrumental response was 56'23”5):7 romla.ortp]/w . -n;rr]]-m € Stl S centere I on nm

ps with a microchannel plate photomultiplier (Hamamatsu ( cm); o erwise, the spectra agree weil.

R1564U-01). The source was a cavity-dumped dye laser The N—=TMA excitation spectrum was recorded at 385 nm.
operating with Rhodamine 6G and which produced pulses of However, the _naphthalene spectrum was not completely re-
~2-ps duration when pumped by a frequency-doubled, mode- moved by the filters, so the stronger naphthalene peaks are also
locked Nd:YAG laser (Spectron SLO3ML). Prior to en’tering weakly seen, but at reduced intensity, and are readily accounted

the vacuum chamber, the laser pulses were frequency-doubIeJor because of their known wavelengths. The spectrum of the

by an angle-tuned Lil@crystal and filtered to remove funda- complex lsé_gent()a raléy ?Iuhe'Sh'ﬁidhb?/ 19 chrelative tc;l_thhe_ .
mental light. The wavelength of the frequency-doubled light corresponding band of the naphthalene spectrum, which is in
was calibratéd with a SPEX 1702/04 monochromator and the the opposite sense to that observed in the related BA

tral width d to be 5-dmin orinciple. th complex, where a 2830-cnT?! red shift is observed.The
spectral width was measured 1o be N principie, there N—TMA excitation spectrum appears to exhibit a short progres-
is an uncertainty associated with measuring the decay of long-

; . : sion built on the intramolecular vibration. This appears as a
lived species due to movement of excited molecules out of the low-frequency mode, at30 cnr from the 455-cm? line and

focal region of the collecting lens. This effect was small, because i 1 55 from the 726-. 931-. and 1162-ciiines. but not from
the literature valu¥® for the naphthalene fluorescence decay the 525-cnt line. Additior;ally weaker bandé at50 cnrl

lifetime of 318 ns was obtained for the 8¢ transition. from the 455-, 526-, and 1161-cthlines are present but are
The laser source used for fluorescence excitation and ejther absent or too weak to be seen from the 726- and 931-
dispersed fluorescence experiments was a Spectron dye lasesm™ lines. Tentatively assuming that these series of lines are
(SL4000G) pumped by a Q-switched Nd:YAG laser (Spectron the first two of a progression in a Morse potential, then=
6L803) using Kiton Red as the dye. This produced 10-ns pulses28 + 2 cnt! and xe = 0.13 + 0.02 and the intermolecular
between 308 and 321 nm after frequency doubling and with a dissociation energy of the initially excited vdW complexig0
bandwidth of 0.15 cm®. The light from the Q-switched dye  cm™1, which would explain why more lines are not observed,
laser was not focused into the source chamber, and experimentdut does not agree with our ab initio calculations, which suggest
were performed to verify that the absorption of the naphthalene that the vdW well depth is at least an order of magnitude greater.
was not being saturated. The emission collected was filtered Rotational Structure. Figure 2 shows the naphthalene gfb
with a 308-nm 0 HR mirror (TecOptics) and a WG330 Schott  band and the corresponding band ir-NMA in more detail.
glass filter, then it was focused by a lens onto the slits of a 2-m From the measured rotational constaitsye were able to

Results
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Figure 1. S; — S fluorescence excitation spectra of naphthalene and th&MIA vdW complex. The excitation energy is shown relative to the
naphthalene ©0 band origin (32020 cni). The spectral intensity is normalized to the vibronic transitions at about 435 (N) or 45%Nm

TMA). The N—TMA origin is at 32 040 crm™.
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Figure 2. (A) Rotational contours of the naphthalene 435 &r8(byy)?, Figure 3. Dispersed fluorescence spectra fromTNMA. Spectra were
transition and (B) 455-crt transition in N-TMA. The solid line is recorded respectively at 455, 725, 931, and 116I'cabove the
the data and the dotted line is the fit. naphthalene band origin. These correspond to the four strong cluster

. . . absorptions seen in Figure 1.

synthesize and fit the naphthalene rotational contour, the only
free parameter being the temperature. In this way, we calculatedcorrespond to excitation into the major cluster absorption
that the molecular beam had an effective rotational temperaturefeatures shown in Figure 1. Emission from the origin was too
of 6 + 2 K. The rotational structure observed ir-NNIMA is in weak to be measured reliably. In marked contrast to the spectrum
contrast to N-TEA, where none is visible at the resolution of reported by Bisht et al. for NTEA clusters and our own
our laser, even though the fwhm of the vibrational features are measurements, the dispersed N\MA spectrum shows almost
similar in each case: 2.2 crhin naphthalene, 1.8 cm in no fluorescence from a locally excited naphthalene-like state
N—TEA, and 1.5 cm?! in N—TMA. when excited at 455 cm. The fwhm of the 455 cmt excited

Fluorescence Spectrakigure 3 shows dispersed fluorescence fluorescence is 5300 cr, or ~75 nm wide. The broad red-
spectra of the NTMA dimer, recorded at four different  shifted fluorescence observed in the cluster spectra is highly
excitation energies, 455, 725, 931, and 1161 §nwhich characteristic of fluorescence from a CT state.
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Figure 4. Shift in the wavelength of peak intensity of the CT 0.0 0'5 1'0 1'5 50
fluorescence as a function of the laser excitation energy across the ' ' Time /(ns) ' .
vibronic feature at 455 (solid circles) and 725 ¢nfopen squares). ) o ]
The shifts are relative to the peak of the rotational contour. Figure 5. Rise time of the CT-fluorescence signal for the 435&m

excitation and instrumental profile. The solid smooth line through the

P— data represents the convolution of the instrument function and a 60-ps
The fluorescence spectra of the complex shown in Figure 3 rise time. The dotted and dashed lines correspond to rise times of 0

are normglizt_ed to the peak of the C_T emission gnd_show t_hat and 100 ps, respectively.

the contribution from naphthalene increases with increasing

excitation energy but is always the minor component of the TABLE 1. Decay Lifetimes and Rates of the Exciplex
spectrum. The CT components of the spectra are similar in that Emission

the wavelength of maximum intensity and the width hardly vary excitation energy/

with excitation wavelength. The relative yield of CT emission hc > cm™* 7/ns k1P s7?

normalized with excitation spectral line intensity varies slightly, 455 56+ 3 17.9

with excitation being, relatively, 1, 1.1, 1, and 0.8 for the 455-, 526 59+ 3 16.9

726-, 931-, and 1161-cm lines, respectively. By comparison, 725 67+3 14.9
931 92+ 4 10.9

the relative fluorescence yield of the CT state to that of

. . . 1161 105+ 5 9.52
naphthalene decreases dramatically and in the opposite sense
to that observed in NTEA or 1-CNN-TEA. TABLE 2: Rotational Constants Fitted to the N—TMA
On further investigation, we found that as the excitation 455 cnt*
frequency was scanned over the rotational contours associated A" B" C A B’ c

with the 8(hg)"* and 8(ag)* vibrational transitions, a marked  \yiional constantMHz 9011 492.1 498.8 914.8 460.9 462.9
shift was observed in the CT spectrum, and fitting these spectra

to a Gaussian function allows an estimate of the peak wave-and comparable to the lifetime of the fluorescence grow-in, we
length to be made. The peak shift vs excitation frequency is can, nevertheless, estimate the time constant for the appearance
illustrated in Figue 4 , measured relative to the peak of the of the CT fluorescence as 6B 20 ps.

rotational contour. It is remarkable that such small changes in

excitation energy, approximately 0.25 ctineach, resulted in Discussion

shifts in the peaks of the CT emission of several hundred  The excited state behavior ofNTMA has broad similarities
wavenumbers. to but detailed differences from those offEA and 1-CNN-
Excited State DecaysUsing the TCSPC apparatus or the TEA complexes. Generally, in each type of complex, the
nanosecond dye laser and oscilloscope as appropriate, Weexcitation spectrum when monitored at the exciplex emission
measured excited-state decays. By exciting thezB(transition, wavelengths consists mainly of the narrow lines of the slightly
we obtained decay times of 316 5 ns for bare naphthalene  shifted spectrum of the aromatic molecule upon which weak
and 28+ 0.5 ns for N-TEA, which compared well with the  and short progressions, possibly of an intermolecular mode, are
30 ns measured by Bisht et ‘alhe corresponding NTMA built. Additionally, very weak, underlying broad features
decay has a single decay lifetime of 56 3 ns, which is  centered about the main transitions indicate that some IVR is
lengthened to 105 5 ns at 1161 cm' excess energy. The  occurring (see Figure 1). The emission spectrum consists of
rate of fluorescence decay decreased linearly with increasingsome aromatic fluorescence at short wavelengths and a broad,
excitation energy above the band origin. The results are featureless exciplex emission at longer wavelengths. The
summarized in Table 1. differences in N-TMA compared to other complexes are that
Finally, we measured the rise time of the fluorescence when the exciplex emission is far greater in proportion to that of the
excited at 455 cmt. Figure 5 shows the fluorescence rise, aromatic moiety and that the relative proportion of relaxed
together with fitted exponential rises convoluted with the fluorescence in the spectrum increases with increasing excitation
instrument step-function response for an instantaneous rise, onenergy. Also, the exciplex lifetime lengthens with excitation
of 60 and one of 100 ps. While there is a large error associatedenergy, whereas with the NTEA and 1-CNN-TEA com-
with the fitting, the fwhm of our TCSPC apparatus being 56 ps plexes, it shortens.
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We attempt to explain our observations as follows: optical 40
excitation promotes the cluster from the electronic ground state ] o CNNTER
to a locally excited (LE) state that has essentially the ground- i I o NTIA

state geometry and mainly naphthalene character. The LE state
can have four competing fates: it may decay by fluorescence

from the initially excited vibrational level; it may vibrationally o5

predissociate into excited naphthalene and ground-state TMA 3 ,

and the excited naphthalene may then undergo IVR and, 2207

ultimately, fluoresce or suffer intersystem crossing; it may lead e 9
directly to the CT state, which is accompanied by geometric 15 {

isomerization; it may undergo inter- and/or intramolecular
vibrational relaxation (IVR), either to levels from which the

CT state is formed or to levels producing relaxed naphthalene 5 B
fluorescence. We now examine these possible outcomes with . P a gy
respect to our observations. o T

400 1

600 800 000 1200
Excess Vibrational Energy (/cm )

Because the initial, LE, state has largely naphthalene char-
acter, it should give rise to some highly structured fluorescence.
However, because the formation of the CT state is 60 ps, at
455 cn1! excess energy, and the naphthalene lifetime is 318
ns, the emission yield from the LE state must be very small.
This is what is observed in the emission spectrum at low
vibrational excitation (see Figure 3), except that more naph-
thalene emission is observed than predicted: the ratio of CT
fluorescence vyield to relaxed fluorescene&CT)/p(N), is
observed to be at least 20 and not more than 100, but is predicte
to be 318/0.06 or 5300. This discrepancy, coupled with the
observation that the fluorescence lifetime measured in the
structured region of the emission is identical to that measured
at the peak of the CT component within experimental uncer-
tainty, leads us to conclude that the possibility of the naphthalene-
like component’s being the result of dissociation into TMA plus

excited naphthalene is small. However, this is difficult to prove, . ; o
because at low excitation energy, there is almost complete CTVT;]r;?éei?s'&g;szfﬁmfgmgs iigtzrurigi tZI(I) ZI?r:?tézjagiIEO:ss,
emission (see Figure 3), and at higher energy, where there is . nstrumentatly '
AT LIT However, at the origin the rise time is far longer, 17 ns, and
more naphthalene fluorescence, its lifetime is similar to that of . L
also at 908 cm?, where it is 12 ns, and decreases to 3 ns at
the CT state. We cannot say, therefore, whether the complex 1 s . "
. . 1419 cnTl. In 1-CNN-TEAS, exciting the 454-cm! transition
dissociates, then the naphthalene undergoes IVR, or whether

; leads to a far-slower 5-ns rise time, but unfortunately, values at
only IVR occurs. Our argument below could be applied to both h o h b d lain the |
eventualities. other excitations have not been reported. We explain the slow

) . CT fluorescence rise time at low excess energy as being due to
The small and increasing amount of relaxed naphthalene ynnejing, because the barrier cannot be reached. At and above
emission which is observed as the excitation energy increasese threshold, the rise times are explained by Lardzaner
is attributed to IVR, because each intramolecular vibrational ¢,pye crossing. A sufficient amount of energy to surmount the
state of naphthalene will be mixed with a large number of low-  parrier appears to be about 400¢nin N—TMA and N—TEA.
frequency intermolecular (vdW) vibrational states, and these a threshold, the crossing will be adiabatic and its probability
provide a sufficient density of states to introduce IVR, which ¢jose to unity; hence, the CT rise time will be fast, that is,
results in relaxed fluorescence. The density of the mixed vdW picoseconds. With more energy, the crossing becomes non-
vibrational states increases rapidly with excess vibrational energy ggjabatic, because the kinetic energy along the reaction coor-
of the complex, so one might expect the rafilCT)/4(N) 0 dinate increases, and the rate constant decreases-TEN,
decrease with increasing excitation energy as more relaxedihe decrease in rise time, from 12 to 3 ns as more excess
the vdW intermolecular vibrations need not only produce excited i, the density of states. Even though we were unable to observe
naphthalene, because we also khdhat these intermolecular  the rise time directly for any state other than the 455-time,
vibrations are the promoting modes for the CT state. The relative rotational structure is observed in on all major lines in the
amount of CT to relaxed-naphthalene emission at a given N—TMA fluorescence excitation spectrum, indicating that no

amount of excess vibrational energy is explained by competition yery fast, < ca. 4 ps, crossing occurs as the excess energy
between the various IVR pathways leading to the CT of jncreases.

naphthalene states. In the cases of 1-GNEA* and N-TEA,’ The relatively larger amount of CT emission vs relaxed

it seems that IVR leading to the CT state is preferred, becausenaphthalene fluorescence irIMA vs N—TEA at low excess
the ratiop(CT)/p(N) is found to increase with excitation energy, vibrational energy is, we propose, explained by a larger coupling
whereas our observations iHNMA Suggest that IVR favors between the CT and the LE states inrTNIMA than in N—TEA.
formation of excited naphthalene. This may be due to the smaller size of the TMA, allowing
Figure 6 shows a plot of(CT)/p(N) vs excess vibrational  stronger interaction with the naphthalene ring. Consequently,
energy. This ratio decreases in—NIMA and increases in  the crossing point to the CT state inlNMA should be lower
1-CNN—-TEA and also N-TEA. This differing behavior can ~ down on the surface and at shorter range than+#TEA.

Figure 6. Plot of the quantum yield ratios of CT-to-naphthalene
emission as a function of excess vibrational energy.
be rationalized by considering the ratio of the IVR rate constants
leading to the CT state and to relaxed fluorescence. For example,
at low excess vibrational energy, IVR is relatively slow and
the amount of CT emission is determined by the coupling to
that state and is greater in-NTMA than in N—TEA. As the
xcess vibrational energy increases, not only do we move away
rom the crossing poin, but IVR also increases. If the IVR
pathways are more favorable to the CT state, then the ratio of
CT-to-relaxed fluorescence will increase, as ir-NEA and
1-CNN—TEA. But if the couplings are disfavored, the opposite
occurs, and more relaxed fluorescence will be observed, as in
N—TMA.

The rapid rise time of the CT emission in-N'MA is
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While we do not know the reaction coordinate leading to the  Rotational Structure. Rotational structure was observed for
CT state, we can reasonably argue that it should coincide with all of the vibrational transitions in NTMA. The shape of the
the intermolecular separation between the naphthalene and thévand profile is of two types, depending on the symmetry of the
TMA, as measured from their respective centers of mass. In excited vibronic mode, and correlates with those found in
this way, if we treat the ionic species in the CT state as naphthalene, i.ea-type andb-type. This is in contrast to the
structureless particles, we can approximately estimate thevibrational transitions of NTEA, which exhibit no structure
intermolecular distance at which the CT state crosses the LEat our, and Bisht et al.’§yesolution. In Figure 2 we show the
state by using the relative ionization potential (IP) of the donor rotational contour for the NTMA cluster at 455-cm? excita-
(TMA) and the electron affinityEa) of the acceptor. Tobita et tion, together with a simulation of the rotational spectrum (solid
al'3 measured th&, of naphthalene in low-energy electron-  |ine). We interpret this spectral feature as due to the excitation
capture experiments and conclude that itis0.06 eV. The  of an LE state of a naphthalene-like vibration of the complex,
IP of TMA is 7.82 eV® Denoting the energy of the;$ocally corresponding to the 8()* mode in the isolated molecule,
excited state in the dimer &, and assuming that the ionic  gyperimposed over an underlying, weaker, and broader feature.
potential is essentially Coulombic, and that the intramolecular Thjs proad feature is emphasized by the fit to the data. The
potential is flat, we can estimate the crossing paRytas origin of the underlying transition is uncertain, but it is unlikely

1435 to be due to a cluster of the form-NTMA) ,, because we would

=E,— IP+E, (1) expect a spectral shift slightly less than twice that 6fTWA.
R One possibility is that it is the signature ofNNMA clustered
with He, although this feature was not seen to alter with a change
where energies are in eV arlis in A. We know from our in the pressure of helium. Another interpretation, which we
measurements thdt, is 4.02 eV, measured from the energy fayor, is that it is due to another geometric isomer 6fTWMA.
minimum in the ground state, from which we estimRte- 3.8 Supporting this hypothesis is the very large shift we observe in

A. As expected, this is considerably shorter than the intermo- the peak of the CT fluorescence as the frequency-excitation laser
lecular distance either in the ground state or of the LE state of j5 scanned over the spectral feature (see Figure 4).

the complex, which we estimate from ab initio calculations or

from our fit to the rotational contours of the FES (see below). Assuming that the main feature, Figure 28, is due to a single

. ) ’* conformer of the LE state, we have fitted this to extract the
In solution, the fluorescence resulting from the CT state is |4tational constants of the ground and excited states, having
red-shifted, due to the fact that this state is more strongly bound st removed the broad underlying feature by fitting this to a

than the locally excited state. However in the gas phase, theggnarate Gaussian function and subtracting the result. In fitting
CT state possesses considerable vibrational energy on formatlonthese data, we fixed the temperature of the cluster at 6 K

Eurthermohre,LtEe cT stathgt;_s forrlned near its Olljter tlurnblngéjokllnt according to the measured rotational temperature of naphthalene
ecause the state exhibits a longer intermolecular bond t ANy the beam, and then allowed the six rotational constants to

f)k:‘estcz:gessta:ta(') O';}thfzrnme(:d' t::nil-g St&:ﬁavl\(/!u h?l\q/: E;(;Ehtriig?g vary freely, assuming e-type transition. The rotational profile
to the LEI statvt\a/ lelikel gl)J/rin thewéxcitetlj-gtate lifetime. The was simulated by first calculating a stick spectrum using the

y 9 . ) ASYROT packag¥ and then convoluting this with a Lorenztian
wavelength dependence of the CT fluorescence is produced by, 1 B )

LI . (0.15 cnrt fwhm). The simulated profile was then compared
the projection of the upper-state wave function onto the lower to the experimental profile, and the rotational constants were
state in the FranckCondon region (at the inner turning point). varied usFi)ng a Ieastpsquar,es gradient-optimization routine to
The emission i roximatel ian in sh ry br . i - )

e emission is approximately Gaussian in shape, very b Oad’m|n|m|ze the difference. Because the resultBigand C-axis

fwhm 5600 cnt!, and has the same shape and spectral : . .
rotational constants are almost identical, we cannot say for

maximum virtually independent of excitation energy. Because tai hether the t ition is df i The t
the spectra are almost identical for each excitation energy (seeCer amn whetner h r? Iran5| IOanS db- or c-bypeh € two
Figure 3), it is tempting to suggest that the emission always ansitions in naphthalene areafandb-type, but the presence

arises out of the same CT vibrational level, but this is impossible, O" the amine changes the axes so that the naphthalene transition
because the emission lifetime changes with excitation energy: diPCle lies along thed and C axes.

56—110 ns (see Table 1). Furthermore, the spectra are recorded This particular combination of measured rotational constants
in a collision-free environment, and it is impossible for the instantly limits the conformational space that the cluster must
initially excited CT level to decay into a common level, because fit into. One restriction is that the TMA may not lie directly
there is no energy sink. over the center-of-mass of the naphthalene plane. Nor may it

We attribute the change in the lifetime to a change in the i€ along the short axis of the naphthalene. By varying the
radiative rate of the CT emission with excitation energy. The relative geometry of the naphthalene to the amine, we have
radiative rate is proportional to the transition dipole and attempted to refine the geometry by matching the fitted rotational
transition frequency ag®|[ycrigl?. The frequency change is ~ constants to a model structure. The initial geometry was taken
comparably small (at most, 700 in 32000 ¢y but the from the ab initio calculations described below. We then allowed
transition dipole to the repulsive ground state becomes smallerthe molecular components of the cluster to move relative to
as the vibrational quantum number in the CT state increases.one another. The region of minimum error between the
This is easily understood if we model the CT state as an experimental and the modeled rotational constants is shown in
anharmonic well (in the intermolecular stretching coordinate) Figure 7 as a contour plot looking down on the naphthalene
due to the changing size of the wave function’s lobes at the rings. The relative geometry is such that the amine is slightly
(inner) turning point and its consequent overlap with the over one of the naphthalene rings and is tilted so that only two
continuum wave function in the ground-state potential. The lack of the methyl groups’ hydrogen atoms point toward the ring
of wavelength dependence is explained if the repulsive wall in (see below). The contours cover the region 2.5 times the
the CT state and the dissociative ground state are approximatelyminimum 2 error, and the rotational constants obtained were
parallel. 464, 518, and 932 MHz, compared to experimental values of
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Figure 7. Contour fit and geometry of the NTMA complex. The
contour levels measure the relative error in fit to the rotational constants Figure 8. View of the optimized geometry, calculated at the MP2/
as the amine is translated across the plane of the naphthalene rings i'?:c-pVDZ level of theory. '

0.05 A steps. The intermolecular separation between the amine and
the naphthalene moieties was optimized by similar calculations. The

outside contour is 2.5 times the minimum error. calculation with these coordinates, but found that the complex

moved back to the previously calculated position. When we took

492, 499, and 901 MHz. The nitrogen atom is 4.08 A from the account OT basis set_superposition effarsing the qundgrd
plane of the naphthalene. counterpoise correctiolf, we found the vdW stabilization

We are uncertain why we observed rotational structure in €N€"9Y: heglecting any zero-point energy correction, to be 726
N—TMA but not in N—TEA. Obviously, the rotational constants cm- I_n rea"ty’ itis probably greater than this because of basis
in N—TEA are smaller than those in-NTMA, so the rotational set limitations. . .
contour might simply not be resolvable with our laser (line /& do not have an easy explanation for the remarkable shift
width, ~0.15 cn?), but it is also possible that the lifetime of ~that we observed in the peak of the CT emission spectrum as
the N-TMA is longer than that of N-TEA, which might be we scanned_over the 455- or 725-chvibrational modes. It is

clear from Figure 2B that the 455-cthmode overlaps another
relatively broad spectral feature, which is probably due to
another conformer or larger cluster. It is likely that as we
g scanned across the rotational contour we excited an increasingly
larger amount of this other conformer, which might account
for the shift in the fluorescence maximum. The dispersed spectra
h also showed an increasingly larger proportion of naphthalene-
like emission as the excitation energy was scanned into the blue
wing of the 455-cm? rotational contour. It is, therefore, possible
that the unidentified species dissociates into excited-state

in the N-TEA profiles is probably not due to homogeneous naphthalene more easily than_it undergoes_charge transfer, and
broadening. the lack of rotational structure in the underlying spectral feature

To confirm the geometry of the vdW dimer, we performed might be considered as supporting evidence for this.
structural calculations on the ground-state species using ab initio
methods!> The geometry was initially estimated by a density
functional method, B3YLP/aug-cc-pVDZ. This was used as the  The photophysics of the jet-cooled-N'MA vdW complex
input geometry to an MP2/6-31G calculation and subsequently has been studied using fluorescence excitation and emission
refined by extending to MP2/cc-pVDZ to obtain the final spectroscopy. The NTMA complex has absorption transitions
geometry. As is to be expected, the inclusion of electron- of a naphthalene-like nature that are blue-shifted2p cnt?!
correlation and diffuse functions led to a stabilization of the from pure naphthalene. Rotational profiles are observed on the
cluster, because the dispersion interaction was increasinglymain transitions and fitted with constants of 499, 492, and 901
better-modeled. The geometries of the molecular moieties MHz. These constants are consistent with a geometry of the
changed only slightly with the sophistication of the level of complex with the amine disposed symmetrically above one of
theory. The cluster geometries predicted by the density func- the naphthalene rings, with the hydrogen atoms pointing toward
tional theory and the MgllerPlesset perturbation theory were  the ring, and with an intermolecular separation of 4.00 A (see
similar, except that the amine became more tilted with respect Figure 7). The structure was obtained by fitting the geometry
to the ring in the MP2 calculations. By adding more diffuse to the rotational constants and also by ab initio calculations
functions, the intermolecular distance was substantially reduced.which are in good agreement (see Figure 8). The related
The final MP2/cc-pVDZ geometry is shown in Figure 8. The N—TEA complex has in contrast red-shifted transitions com-
major difference between this geometry and that arrived at by pared to naphthalene, and although measured to similar resolu-
fitting the experimental rotational constants is that the inter- tion, no rotational profiles could be resolved.
molecular separation of the later, at 4.08 A, is shorter by 0.25 The emission spectrum shows both naphthalene and CT
A. This is quite reasonable, given the relatively small basis set features but in varying proportions, depending upon the excita-
used in the calculations. Note that this is much longer than the tion energy. The two types of emission are attributed to
intermolecular separation expected at the crossing point betweemaphthalene-like relaxed emission from a state with almost pure
the LE and CT surfaces, which we estimate (above) to be 3.8 naphthalene character and a CT-state emission with almost no
A. We checked whether the later geometry might not have beennaphthalene but a large amount of ionic character. The two states
another local minimum by starting the ab initio optimization are coupled by IVR. How this distributes energy about the

lifetime-broadened. The rotational features in both complexes
have a similar width~1.8 and~1.5 cn1* for N—TMA and

N—TEA, respectively, which, if the latter were lifetime-
broadened by rapid transfer to the CT state or by IVR, woul
have a lifetime of~3.5 ps. By comparison to other data, this
lifetime would seem to be too short. Bisht et'aheasured the
CT signal rise times in NTEA, and these are generally muc
slower (~3—17 ns), although unfortunately, they were unable
to measure the rise times of the &B and 9(g)! modes to

better than<1 ns. We conclude that the lack of obvious structure

Conclusions
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complex is used to explain the differing ratios of CT-to-relaxed

fluorescence with excess vibrational energy inr-TWA as
compared to NTEA and CNN-TEA.
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