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‘or condensed phase)..” For vapor phase systems, it was observed that extensive
jonization current was produced consequent to laser pumping. While quantitative
measurements of the ion yields were not performed, it is believed that the prin-
ciple loss mechanism in the amine laser cavity is via up-pumping to an ion state
of the parent (or fragment). Thus, despite the initially favorable prognosis of
these compounds with respect to lasing action, -i.e., relatively easily achievable
threshold conditions, the up-pumping cross section of these compounds is appar-
ently too large to allow for net amplification.

&

Further pursuit of the ionization process using multiphoton excitation led to
the discovery that, in the vapor phase, two phgton ionization produced coherently
from a two photon populated electronic state (A) was induced with selectivity
from vairous vibronic states in A. Thus the jonization cross section from the A
(fluorescent) state is sharply modu}ated according to the vibronic character to
the initially punped state {in the A =<« X transition). The simultaneous mea-
surement of the two photon-induced fluorescence, along with the multiphoton ion-
ization current as a function of laser wavelength, was studied. This technique
indicated those vibrational modes in the K-state which are particularly labile
with respect to ionization. This state dependent depletion process was examined
in detail for two amines, trimethylamine, and 1-azabicyclo(2.2.2)octane.

For both amines, significant distortions in the fluorescence excitation spectrg
vere observed relative to the respective multiphoton jonization spectra which
appeared to be 'normal’ (i.e. consistent with the one photon absorption spectra).
The analysis of these data shows that both dynamic information about intramolec-
ular vibrational energy redistribution and structural information about the ion
formed in the process can be obtained.
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Experimental Approach

Organic Materials

The amines examined are divided into three categories: (1) monofunctional
(2) bifunctional amines which undergo rapid intramolecular excimer formation,
and (3) monofunctional amines which undergo intermolecular excimer formation.
Amines representing all three categories were examined both in the vapor and
condensed phases. For volatile amines, pressures varied between ca. 1 and 100
Torr. The medium chosen for solution studies was n-hexane; in this solvent,
concentrations ranged from ca. 10'4 - 10" M.

Trial Laser Cavity

For simplicity and convenience it was decided to use a simple l-cm square
Suprasil fluorescence cell as the laser cavity. To one window, a small front
surface mirror was attached using a film of hexadecane Tiquid; this acted as
one end of the cavity. For most experiments, the normal reflectivity of the
other window was used as the out-coupling device, although in a few experiments
a partially transmitting mirror was used. The system was irradiated trans-
versely using the cylindrically focused laser beam produced by a Lumonics multi-
gas laser. In most cases the 249-nm line of the KrF* system was used, although
both the 193-nm and 222-nm lines of the Arf* and KrCi* mixtures, respectively,
vere attempted. It was estimated that about 100 mJ of energy were produced in
the 249-nm pulse.

In order to verify that the cavity used ir. .rocedure was effective
and that any lasing from the amine samnles would be detected, p-terphenyl (in
cyclohexane) was used as a lasing dye. When subject to 249-nm pumping by the
Taser, this dye produced en 22sily measuveable lasing hean.  Since the fluures-
cence produced by ordinary dye-brightened paper was sufficiently visible, this
simple detector was used as the lasing criterion. No advantage was realized by
using a Joulmeter as the dye laser beam detector.

Unfortunately no lasing action from any of the amines under any of the
conditions listed above could be observed, and hence it was concluded that the
n,
loss in gain arising from one photon ijonization from the A state was always too

Jarge to result in net amplification. This is consistent with the observations
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of Zapka and Schafer who demonstrated the efficacy of one photon ionization of
the X state of trimethylamine vapor. The hope that the ionization cross section
of the K state of structurally hindered amines (eg. tri-n-hexylamine) in solu-
tion would be Tow enough to permit the‘development of lasing was unrealized.

In addition, the potential of the emissive excimer state (%) of amines, both
intermolecular (1-azabicyclo(2.2.2)octane) and intramolecular (1,3-bis(dimethyl-
amino)propane) as the lasing state of such molecules appeared to be negative.
Thus the conclusion is reached that conditions cannot be found for the various
saturated amine systems such that lasing action of the fluorescent states will
result.

As a result of investigating whether the fluorescence was produced under
the excitation conditions (it was), it was decided to also monitor total ion
current. This approach let to an examination of the multiphoton ionization (MPI)
spectrum of the amines using a focused tunable dye laser. The mechanism of ion-
ization is two photon absorption to the A state of the amine followed by coherent
one (or two) photon ionization of the parent ion (or possible higher order multi-
photon-induced fragmentation/ionization).

The MPI spectrum was very easily obtained because of the large ionization
currents produced. Under the identical irradiation conditions, fluorescence pro-
duced by the amines was also measurable. This fluorescence was also dispersed
and was found to agree with the one photon-induced fluorescence spectrum. Such
experiments were performed with two amines: trimethylamine (TMA) and 1-azabi-
cyclo(2.2.2)octane (ABCO) -- both in the vapor phase. TMA was usually studied
at pressures between 5 and 50 Torr, while the ABCO pressure was set by its par-
tial pressure of ca. 2 Torr at ambient temperature.

The results of this study clearly demonstrate that the two photon fluores-
cence excitation (TPFE) spectra for boin amines ditfer radically from the res-
pective MPI spectra. In the case of TMA, where tho MPT and one phaton absorptior
(OPA) spectra are structureless, thus precluding a spectroscopically quantitative
analysis to be made, the TPFE spectrum revealed structural features not observed
in either the MPI or OPA spectrum. Because of the presence of rich vibronic
detail in the MPI and OPA spectrum of ABCO, this molecule lent itself to a more
quantitative analysis of the TPFE-MPI discrepancies.

This study appears in the January 1, 1982 issue of the Journal of Chemical
Physics (76, 102). Reprints are appended to this report in order to provide the

detailed results of this investigation. The implications of these observations




are far reaching. 'They point to a new technique for measuring the rates of

é intramolecular vibrational energy redistribution. Moreover, these rates may
be determined for various vibrational modes which are excitex in the K state
- of any emissive molecule. Essentia]]y; the method relies on the pressure

- dependence of the TPFE spectrum of a molecule and how the TPFE spectrum con-

:f verges (at higher pressures) to the MPI spectruﬁrmm?he following section pre-
sents a kinetic argument showing how the pressure dependence of the TPFE

X spectrum can be used to determine intramolecular vibrational energy redistribu-
tion rates.
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The inéensity alterations in the vibronic features in the TPFE
spectrum of ABCO are inte}preted‘ﬁy Halpern et al. as arising from the
vibrational mode dependence of iaser-ﬁp—pumping from the S1 state to the
ground state of the pareﬁt ion (and perhaps also to other ionic frag-
ments). Thus. according to this view, the TPFE spectrum represents the
net result of resonant two photon population of a single vibronic level

(SVL.) of the S, state, along with coherent depopulation of this level. A

1
significant part of this picture, hoviever, is that the coherent up-pumping
process (i.e., the loss rmechanism) can be interrupted, or quénched, by the

intervention of two possible pathways: (1) intramolecular vibrational

"relaxation (or redistribution) (IVR) out of the initially prepared SVL, and

(2) collisionally induced vibrational relaxation (VR) brought zbout by the
intervention of an added buffer gas. The effect of (1) and/or (2) is, of
course, to reduce the loss in the S1 population because the ionization
cross section of the (ensemble of) states produced by IVR and VR a;e
presumed to be lower than that of the SVL produced by direct laser
excitation. Therefore, these effects result in the restoration (or partial
restoration) of the fluorescence intensity which would be commensurate with
the two photon absorption cross sections of the particular SVL from the

ground state. Hence, in the absence of the up-pumping loss process (ion-

*ization) such as would be the case with infinitely fast IVR (or equiva-

Tenoly ol Vo osinmab ool Lolool 00 Tousl presotee), obo vilroaic paltern in
the TPFE spectrum would curniverge to that of the OPA spectrum.

of the reprint
Figure 2Ashows that, indeed, the eapplication of a buffer gas results

in the progressive restoration of the ABCO TPFE specetrum to its MPI and OPA
spectra. Alternatively, an attenuation in the effects of up-punping on the

TPFE spectrum should be accomplished by a reduction in the laser flux; this




e

L

3

O T

Rk i

S RS LB IREY ¢
i RN

'~
y

) JETVRS TR

g -
el

o

e ot o

-5-

of the reprint

effect, portrayed in Figure 3A convineingly supports the interpretation

outlined above. These ideas are schematically portrayed in the following

state diagram:

where X

>l

-t

e
Kivr

is the ground state,

is the vibronic level (SVL) in the first excited state (31),
prepared by optical excitation,

corresponds to the vibrationally redistributed levels in 31,

. s . . . ’ . ~ o
S e B T " Y
RO Lontn 3T Vit oo Ppoaseeat vy

is the two photon absorption cross section for a transition fron
Cuv grouwod Slato oo o ocurcaindil ol 51,

is the two photon ionization cross section from the YL in S1 to

.,

is the rate constant for collision-induced IV} of the SVL of 81,

is the intramolecular IVR rate constant of the SYL of S],

is the buffer gas pressurc,

is the decay rate constant of S_, i.e., from A or &,

is the photon flux.

1'
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KINETIC AMNALYSIS

The following section presents kinetic arguments in order to show

that: . S

(1) distortions in the TPFE spectrum can arise from coherent ionization
from S,
1
(2) the MPI spectrum can, nevertheless. remain consistent with the OPA
spectrum; and

(3) the TPFE spectrum is pressure and flux depenaent, converging to the
OPA spectrum in the limit of high total pressure or low flux.

Assuming that the excitation profile is a square pulse having a width

T, and that the fluorescence lifetime (l/kf) is > T (vhere T is typically

< 5 nsec), the populations of A' (), K, and I (n) are derived as: j

_ .2 = <9 - 1
%%'(v) = ao(v) F°X GI} A' (v) (kIVR + kmM)A )

’

A_ (k

d + k MA' (V)
== ™
dt

IVR

di(v) = oIF?A' (v)
dt

The fluorescence intensity, If, after time T is proportional to the total
population of S,, namely, A'(n) and R, (ignoring possible ion recombination

eifeces; aad 15 glven by

1 (L) 63 U'zi'. A ._—" - Ty _ 2 .
F o ¥ TR FE R U?thpr( GoF 1) -exp (GIF + kh$i+-kIVR)T
IVR m
+ Kk + k M - (k + kM
IVR M (o F? DAVR T e ? -
___?5737 (1-exp(-0.F'T)) 01F2+k1VR+kmN(] exp (_GIF +kIVR+kmM)1) (1)
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This reduces ‘to

I, (T) ~ ,02F%X° ‘ e KM
£ (GIFZ T i * kmM) R R (klgR kM) :] (2)
C opF" + kg T M

Under the conditions that either M. >« (very high total pressure),

kIVP >>cIF2 (very rapid intramlecular redistribution) or OIF2 <<1 (negli-

gible ionization), the fluorescence intensity expression becomes

Ip (1) o 0, F2TX® (3)

and shows that the TPFE spectrum goes as Oé(v), and should follow the OPA

spectrum.

However, when OIF2T>1 (saturation of the ionization step), and pre-

- 5 2 ¢ ¥
suming also that oiF >kyyg 2nd ka, If(T) becomes

I (T) o or(v) X° (4)
ol(v)

vwhere the laser frequency dependence of Oé and Oi is explicitly indicated.
Expression (4) shows that the TPFE spectrum is distorted from the OPA
spectrum (i.e., 62(v)) as a result of possihle variatiocns in ﬁiO'F.

The number of ions NI produced during excitation is given by

T

1 = ? 1 5)
N, = oF g A'(t) dt (

and reduces to the following (assuming that GI >>0?)

NI N (02F2T - o3) X° giozF?TX° (6)
o (4]
-1
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CONCLUSIONS

Equation (6) shows that the- MPI spectrus can reaain consistent with
the OPA spectrum even though eqhation (%) holds, according to which the
TPFE and OPA spectre differ. This provides the rationale for the measure.-

ment of k]VR values: narely, the determinatiorn of the pressure and flux

dependence of the TPFE spectrum and its comparison vith the MPT spectrun.

If this is performed for each of the vibration = ncde: (in propressions and
sequ2nces) seen in the TPFE and MPI specira, tloi tre - odo dependence of
the rate of IVR can be achieved. In the least, e o elotive rates of ihis
process can be discerned.

An example of the sensitivity with which k can be determined is

on the nbkt page,

indicated by a plot of equation (2) shown / where kIVR ranges
9 11

fronm 107 - 10 sec_1 and where reasonable values of other parameters have
been used (e.g., UIF2 “'1010—sec—1; k. "5 X 106 torr—sec_1; T v 5.10"9
sec).

Another important and very useful application of this technique is
that it can be usad to infer structural information about the geometry of
the parent ion of the molecular species being studied. This follows from
the fact that the distortions in the TPFE spectrum stem from the
vibrational mode dependence of the ionization cross scection of the X
3l St lanie, Lo ol ludtion e Lo Lhe vibioase cands in e DiFE
whose nuclear displacemants bring the A state of the molecule closer to the
equilibrium configuration of the (ground state of) parent ion. This
results in enhaned Francxk-Condon factors for the ionization process fronm

n,
the A« ... & excess vibrationed cnergy produced in such a tracsilion

is then carriced off by the ejected electron. Thus, o&n examination of the

g et siey
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Plot of equation (2), fluorescence intensity, If (arbitrary units),
IVR”

versus total pressure, it (torr) for various values of k
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wvhich
TPFE spectrum in terms of those vibrational modesjare active in inducing

ionization from the E’sfate reveéls information about trz equilibrium
geometry of the ion. 1In a sense, this technique of differential TPFE/HPI
spectroscopy forms a link with conventional “photoeleciron spectrcscopy
(PES)Y wnich, of course, deals with direct traansitions between tho ground
states of the molecular and parent ionie species. Obtalning structural
information about the parent ion directly from PES is often complicated Ly
Frznck-Condon restrictions in cases where the two states differ

n
considerably in geonme“ry. In using the A stalte as an intermediate in

ionization, the technique lessens such problems.




Evidence of a state dependent depletion procéss in the
two-photon fluorescence excitation spectra of saturated

amines

Arthur M. Halpern,? D. P. Gerrity, L. J. Rothberg, and V. Vaida®

Department of Chemistry, Harvard University, Cambridge, Massachus ots 02133

{Received 6 July 1981; accepted 25 September 1981}

The two-photon fluorescence excitation (TPFE) spcctfa of regions of the A states of two-saturated amines 1-
azabicyclo [2.2.2]octane (ABCO) and trimethylamine (TMA) are reported. These spectra are compared with
the respective one-photon absorption (OPA), one-photon fluorescence excitation (OPFE), and multiphoton
ionization (MPI) spectra for both molecules. For ABCO, this comparison clearly indicates major differences
in both the vibronic band intensitics and the amount of sequence structure present in the TPFE spectrum
relative to the MPL, OPA. and OPFE spectra, which are all comparable. The “'distortions™ of the TPFE
spectrum are interpreted in terms of a laser-induced 4 state-dependent depletion process from A which results
in ionization. Pressure effects on the TPFE spactrum imply that the rate of this up- -pumping process depends
strongly upon the particular vibrational modes excited in the two-photon-induced 4 «X transition. A further
implication of this interpretation is that the intrumolecular vibrational relaxation time 7', of some initially
prepared levels is 2 100 ps. A kinetic model is presented which illustrates how (small) variations in the
jonization cross sections of the A state can have large effects on the TPFE spectrum but not on the MPI

spectrum.

INTRODUCTION

The intense fields obtainable with focused laser radia-
tion muake possible several types of multiphoton spec-
troscopy.! These experimental techniques enable tran-
sition energies and strengths to be determined for elec-
tronic states which cannot be ohserved by conventional
one-photon excitation. Multiphoton transition intensi-
ties have been valuable in studying spectroscopic and
dynamical properties of polyatomic molecules. Kinetic
models of competition between radiative and radiation-
less processes use these transition intensities to deter-
mine radiationless decay rates.®™* In addition, differ-
ent relative vibronic intensity patterns in excitations
which are both one- and two-photon allowed have been
used to investigate vibronic enhancement in electronic
transitions.®® One technique which has been applied to
the above probleins is two-photon fluorescence excitation
(TPFE) spectroscopy, which is useful in systems that
luminesce efficiently. In this communication, we show
that intensities in TPFE spectra can he interpreted in
Laveral nes coatexts and we discuns e tngplicaticns in
the saturated amines.

N

Vot s antesent frbeih spestros opie and photenn s
cai properties of saturated amines has stimulated sev-
eral recent multiphoton experiments. Colson and co-
workers’ have made a more thorough and definitive as-
signment of the upper states of immonia using multi-
photon ionization (MPI) spectroscopy. An investigation
of the MPI and TPFE spectra of the symmetrical di-
amine, 1,4-diazabicyclu[2, 2, 2joctune (DABCO), by
Parker and Avouris® has led to the observaution of the
two-photon allowed, one-photon forbidden A - X transi-
tion.

D Depurtment of Chemistry, Northeastern University, 360
fluntington Avenue, Boston, Mays, 02115,
MAlred P, Sloan Fellow.
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The present study was motivated by the possibility of
using two-photon selection rules to explore low energy
states in flexible amines (i.e., those which undergo
N-inversion) such as trimethylamine (TMA) and in cage
amines such as 1-azabicyclo{2, 2, 2Joctane (ABCO). It
was anticipated that by applying both MPI and TPFE
technigues to TMA and ABCO, further insight into the
spectroscopic and photophysical properties of these mol-
ecules, and the amines in general, would be gained.

For instance, the observation of a state lower in energy
than the A state in TMA could explain the anomalously
vertical appearance and large Stokes’ shift of the fluo-
rescence spectrum which contrasts with the nonvertical
nature of the absorption spectrum. While we have not
found evidence of a low lying state in TMA, we have ob-
served significant disparities in the TPFE spectra of
both TMA and ABCO relative to their one-photon fluo-
rescence excitation (OPFE) and MPI spectra. We at-
tribute these differences to an ionization process which
dcpletes some vibronic levels of A preferentially, and
Boeenites impoctant warl dilh photon fluses. Tnis ox-
pl.m.ltmn allows TPFE intensities to be used in deduciny
rates of intramolecular redistributinn of vihratinnal en-
eruy b nadzati v orras cecber el Ling, e i

levels. Apphcﬂlons to ABLO and TMA are dlscussed

EXPERIMENTAL

Multiphoton excitation spectra were obtiained using a
nitrogen pumped dye laser with & pulsc energy of 0.25
mJ and a duration of 5 ns, tunable between 360 and 700
nm. The laser beam was focused with a 4 in. focal length
lens, except in the case of the low flux TPFE study of

ABCO '-'hcrc a 14 in. lens eas used with the sample cell.
located ~ 5 in, in front of the focal point. The spectral
linewidths in the multiphoton spectra of ABCO were
laser-limited (- 0.1 A).  The experimental apparatus
used to obtain the MPLspecetra has been deseribed previ-

1982 American Institute of Physics
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ously.? Briefly, the laser beam is focused between

two parallel electrodes (biased at about 50 V) of a metal
ionization cell containing the sample vapor. The result-
ing signal is amplied by a preamp and integrated by a
Boxcar averager whose output is displayed on a strip
chart recorder. The TPFE emission is viewed at right
angles to the excitation bean: using a photomultiplier
tube (Hamamatsu R106 U H), whose output is processed
by the boxcar in the same manner as the MPI signal.
The muitiphoton fluorescence excitation spectra of TMA
and ABCO were monitored at 287 and 270 nm, respec-
tively, using bandpass filters (Corion bandpass ~ 37
cm™). That fluorescence from TMA was produced was
confirmed by dispersing the emission, which matched
the published fluorescence spectrum.?®

The one-photon fluorescence excitation spectrum of
ABCO was obtained using a D, filled nanosecond flish-
lamp which was run at ~ 20 kliz and a modified time-
corrclated photon counting apparatus. The light was
dispersed by a Jarrell-Ash 0. 25 m monochromator hav-
ing bandpass of 2.4 A. Fluorescence was viewed
through a 270 nm interference filter. A time to pulse
height converter was used as a boxcar integrator with
a time range of 400 ns. The acquisition time was ~ 3 h.

TMA (Matheson) and ABCO (Aldrich) were used with-
out further purification. The spectra were obtained at
2 Torr ABCO pressure or 45 Torr TMA pressure, ex-
cept where otherwise noted. For the ABCO vapor pres-
sure used to obtain the multiphoton spectra, the system
is collisionless on the time scale of the laser pulse but
rot on that of the fluorescence decay. No vibrationally
unrelaxed emission was observed.

RESULTS AND DISCUSSION

Figure 1 contains the one-photon absorption (OPA), "
one-photon fluorescence excitation (OPFE), MPI and
TPFE spectra of ABCO for the low energy part of the
A - X transition. The major bands in Fig. 1 are labeled
A, B, C,... for convenience, and Table I summarizes
their energies and tentative assignments.'? It can be
seen from the higher resolution MPI spectrum that the
same sequence structure accompanies each vibronic
band. We assign the major sequence to the blue of each
of the band origins as vy, the low-lviery toraisna! mndle,
calculated to be 65 cin™ in the ground state. ™ ‘Lhis fre-

icn speetra of umines 103

ONE PHOTON WAVELENGTH{nm)
246 248 250 252 254 256

T -t -

F 0 ¢ B A

SIGNAL (ARBITRARY UNITS)

3 i y

e

492 496 500 504 508 512

LASER WAVELENGTH(nm)
FIG. 1. A comparison of the one~photon absorption (OPA),
one-photon fluorescence excitation (OPFF), multiphoton ioniza-
tion (MPI), and two-photon fluorescence excitation (TPFE) spec-
tra of ABCO vapor, 2 Torr,at 25, A, B, C, D, E, and I
indicate the positions of the band origins.

quency agrees well with that calculated from the ob-
served intensity distribution in the MPI spectrum using
the Boltzmann law. The sequence structure is not re-
solved in the low resolution OPFE or OPA spectra.
However, the resolution is adequate for comparing the
band intensities and widths of the four spectra. The
band envelopes of the MPI spectrum match the respec-
tive features of the Jow resolution OPA and OPFE spec-
tra. both with respet to thoir positions qad relative in-
tensities. The Mi'l spectrum of ABCO has beea reported

TABLE 1. Vibronic band assignments for the A=—X transition of ABCO,

Laser .
Band wavelength, A{nm) 2/x, {em™) Assignment? Av prrd
A 511.88 39076 origin coe ve
B 503, 85 39694 12} (ay) 618 604(602)
c 501, 98 39842 11 (ay) 766 776(781),
D 500,12 39990 914

{331} or 9ltagM® 965 or 990(969)

E 499, 92 40006 930
F 495, 99 40323 125

Svihrational mode notation taken from Ref. 13,

rata obtatned from IR spectrum (Ref. 12). Data {n parentheses refer to hot bands sceen fn the MPL

spectrum, this study,

€A definltive assipnment of these bands is not warranted ot the present.

J. Chem. Phys., Vol. 76, No. 1, 1 January 1982
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by Pasker and Avouris, ' who also find that the MPI
spectrum correlates well with the OPA spectrum. The
TPFE spectrum of ABCO, however, reveuls striking
differences relative to the other three spectra. Strong
suppression of the major sequence relative to the cor-
responding band origin is observed in all of the TPFE
bands. Higher members of the mujor sequence are at-
tenuated more strongly, producing narrower bands in
TPFE relative to MPI, OPFE, and OPA. Furthermore,
the relziive vibronic band intensities are markedly dif-
fervent, with A, C, und especially D and E being much
weaker relative to B in TPFE. Disparities in TPFE
spectra have been noted in the literature before, both
with respect to OPA spectra and to MPI spectra, The
mechanisms which have been invoked to explain these
differences are vibronic induction and radiationless re-
laxatinn, respectively.

Vasudev and Brand have discussed vibroric enhance-
ment in TEFE spectra®® in connection with the TPFE
spectrum of fluorobenzene, in u state in which both one-
and two-photon absorption are allowed. As they point
out, a zero order approximution of nonresonanttwo-pho-
ton absorption strengtihs allows the vibrational overlap
integr:l between initial and final vibrational states to be

separated [rom electronic contributions to the transi-
tion n.omient. One therefore expects relative vibronic
absorption intensities to be the sume in one- and two-
photon excitations so that TPFE and OPFE spectra
should mateh. Vibronic enhancement resulting from
the brezrdown of the Born-Oppenheimer approximation
is possible and might be different for one-~ and two-pho-
ton absorption but tais effect should be unimportant with
ay vibrations as in ABCO. Because the MPI spectrumn
closel, agrees with the OPA and OPFE spectra (vide
supra), it is unlikely that the discrepancies in the TPFE
spectrum of ABCO arise from vibronic effects on the ab-
sorpticn intensities in the two-photon process.

State selective radiationless decay was shown to ex-
plain the difference between the TPFE and MPI spectra
of the C state of NO, ! where rotational predissociution
competes effectively with luminescence but not ioniza-
tion. iHowever, radiationless processes cannot account
for the “distortions” of the TPFE spectrum in ABCO
T e szer e qun st eflicizeey of ABCO 1y v
large, although excimer formation is known to occur
At sufficientty Bigh ARCO pressures. Alsn. the OPFE
SPUT el vl B QT spEcirun Ve, CLesoly, aug-
gesting that any photophysical or photochemical losqeb
are oniy weakly energy dependent. This conclusion is
corroborated by the TPFE spectrum of the same region
of ABCO when excimer {luorescence is monitored, since
it closely mirrors the TPFE spectrum of the monomer.
The intensity differences between the TPFE and MPI
speetra of the monomer are very highly structured in
encrgy, and this would be uncharacteristic for radiation-
less processes. It would be difficult on this basis to
rationalize why afl of the sequence bands are attenuated
in TPFE and why some lower energy levels of A dimin-
ish in intensity relative to higher energy levels of A in
the TPFE spectrum,

The explanation we propose for distortions in the

Fluorescence excitation spectra of amines

=

TPFE
4501to0rr butane l
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FIG, 2, Pressure effects on the TPFE spectrum of ABCO,
The lowest spectrum is the TPFL spectrum taken with no added
butane. The two above it are the TPI'E spectra obtained with
258 and 4530 Torr of added butane. The relative intensities of
the TPEE speetra are indicated to the right of each spectrom.
‘The MPI speelrum is presented tor comparison.

TPFE spectrum of ABCO involves laser-induced de-
pletion of the A state population. To test this hypothesis,
TPFE spectra of ABCO were taken with added buffer gas
(z-butane). Since the transition origin is attenuated in
TPFE relative to MPI less thun many of the other bands,
collisional relaxation which is fast enough to compete
with up-pumping should restore some intensity to bands
attenuated mnove thun the oricin, TPFE spectra at 0,
2ag, and 47D (¢ G oaridna e -batane are cepgevied an
Fig. 2 and demonstrate that the sequence inteusities are
irslopd restared. Feen at 890 Torr, howevar, un-pump-
ing Oy appears o Cun.,k te efnciontly widh coilisional
relaxation in some bands so that up-pumping rates of
10" 57! and higher arve in effect, wherc we assume unit
efficiency (“stronyg”) collisions with a cross section cor-
responding to 50 ns Torr., As expected, a similar re-
storation of relative intensities to TPFE bands occurs
when the laser flux is lowered. The intensily depen-
dence of the fluorescence is close to linear and goes up
with deereased laser intensity, us expected (see eaperi-
mental section) when ficld-induced loss processes are
occurring. At sufliciently low flux, the intensity depen-
dence becomes quadratic, and the spectrum is alinost
identical to the MPI spectrum (Fig, 3).

TPFE measures the fluorescence from the j state,
while MP1 detects the ions produced by further up-pump-
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FIG. 3. Intensity dependence of the TPFE spectrum of ABCO.
The lowest and niddle spectra are taken at high and low flux
conditions, respectively (see Experimental section for detuils).
The MPI spectrum is presented for comparison.

ing from the A state. A simple kinetic model illustrates
how it is possible for TPFE and MPI spectra to be af-
fected differently by laser-induced depletion of A.
Ackerhalt and Eberly'® have ghown that such a model
will be valid in a multistep absorptmn where each step
has successively increasing transition rates and the final
step is irreversible, as in ABCO ionization. Assuming
no depletion of )-(, the appropriate rate equations for a
twa-phaton absorntion and subsequent two-photon ion-
izativn it ABCO ure

ALY e FAn &
and

dl

pr =g, FRA(N) , (2)

where X is the population of }: A is the population of
level in A az is the two-photon absorption cross section
for A =X (cm's); 7,_is the two-photonionization crosa
section for level in A; F is photon flux (photons, ‘em? s);
and / is the number of icns produced. As long as the
fluorescence lifetime is much longer than the pulse time
T, the population of A after T should be proportional to
fluorescence and is given by

AT) = (101 = expl= 0, F*T)]N . (3)

Fluorescence excitation soectra of amines 10s

For small o, FEr(= l) this reduccs to the expected vulue
of A{=~0,F?TX) and is unaffected by ionization. How-
ever, for o, F°T 2 1, saturation of the ionization step
leads to values of A = (0,/0;} X which are inversely pro-

-portional to the ionization rate. When the ionization

step is saturated, the expression for number of ions

I:”zFax{T" 1«2 [1—8XP(—01F2T)]} , (4)
] o,F
reduces to~ -~
I~ (anz’I‘ - %%)XSozFZTX , (5)
I

and measures precisely the population origirally excited
to A but is insensitive to o;.

For o,FzTZ 1, then, we can expect the MPI speetrui.:
to be “true” to the original absorption strengths, but the
TPFE spectrum would be distorted due to the energy
(or statc) dependence of o;. We can infer from our pres-
sure studies that the up~-pumping rates (i.e., U,FZ) from
some of the bunds are close to or higher than 10 57!
This means that we are well into the regime of saturai.d
jonization for 5 ns pulse times. For a typical photon
flux of 10% photon/cm®s, ionization cross sections weuid
be on the order of 107*® cm's or larger, quite large for
two-photon transitions.

As noted above, the major sequence associated with
each of the vibroaic bands in the TPFE spectrum is at-
tenuated relative to its origin. This observation sug-
gests that the process which modulates the ionization
cross sections and hence produces distortions in the
TPFE spectrum is a geometry or vibronical mode de-
pendence to ¢; rather than simply variations in o; due
to the laser wavelength or excess vibrational energy in
the A state. To this point, we have implicitly assumed
that the depletion process is coherent two-photon ioniza-
tion rather than one-photon absorption. Since one-pho-
ton absorption to a higher bound Rydberg state would be
vertical, we would expect variuations in the depletion rate
with laser wavelength because different vibrational medes
(i.e., geometries) of the upper state are accessed. Any
spectral structure due to variation of upper state char-
acter would appear as a wavelength modulation of the
distorttons mn tae TPEE snectoum. Zipee Mot elios oo
vary with vibrational mode character in A and not inde-
pendently with laser wavelength, we infer thu' the upper
ructe gogeonetey ducs aet Channe Cpoe b W
laser \vavelength. In ionization, hox\ cvcr, the abqorp-
tion can be spectrally diffuse even when the final geome-
try-is fixed because the excess energy can be released
with the ejected eiectron. Therefore, we presume that
the predominant product is ground stiate ABCO ion.

This interpretation means that our spectium contains
the kind of information one would get from o relaxed
emission spectrum of the ion to A, if sucha spectrum
were possible.  Those vibrational modes which bring
the potential surfaces of the A state of ABCO closer to
the equilibrium configuration of the X state of the cation
are active in the up-pumping process. Accordingly, the
assignment of the vibrations preferred in A state ioniza-
tion should give structural information about the ion.

RITaS
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Moreover, a more detailed pressure study of the TPFE
spectrum should enable one to determine the relative
up-pumping rates of these “labile” modes. This process
can be thought of as vioronic photosclective photoioniza-
tion. This information thus complements the conven-
tional photoelectron spectrum (PES) which measures ion-
ization cross sections from the X state of the molecule.

There are advantazes to this technique in ABCO where
the PES is highly congested, ®'7 probably due to numer-
ous sequence excitations. The effect on the ionization
cross section of bringing the potential surfuces of the
ground states of the parent and of the ion closer together
(as in excitation to A) can be illustrated by comparing
the PES of ABCO with that of 1-azabicyclol3, 3, 3jundecane
(ABCU). The C-N-C bond angles of ABCO and ABCU
are about 109° and 115°, respectively, whereas the re-
laxed ion has a bond angle of 120°. The PES of ABCU
is much more vertica! than that of ABCO, and the dif-
ferences between vertical and adiabatic ionization po-
tentials for these amires have been reported by Aue
et al. to be 0.07 eV for ABCU and 0.55 eV for ABCO. '

The decreased intensities of the major seguences ob-
served in the TPFE spectrum ris-a-vis the MPI spec-
trum suggest that the mode which is excited in these
trans:tions is strong!v coupled in subsequent transitions
to the ion from the A state. We assign this sequence
transition to excitations of the torsional mode, in analogy
with the assignment n:ade for DABCO.® Similar geo-
metrical arguments should apply to the band systems
A, B, C,.... Judging from the intensities of the band
origirs, vibronic band B, which is associated with v,,
the mode involving the ilattening of the N atom-bearing
part of the cage, shows no more propensity to ionize
than the electronic origin, band A. This suggests that
the degree of planarity achieved in the A state may be
similar to that in the ion.

Bands C, D, and E are all very strongly supressed in
the TPFE spectrum and are relatively resistant to pres-
sure effects. This implies that these states have much
larger ionization cross sections. These bands are as-
sociated with excitations of the skeletal modes vy, vy;,
and v, (see Table I). A normal coordinate analysis of
ABCO suggests that these modes carry out cage distor-
tions such oa the flattening of the C-1] portion of the
Clge, die the extension of the C-C bridgehcad bonds.

There is ar extremelv fmportant implicit 2=«wmntion
racdean cliriout e L atadans 0 loniZation mall o gen-
metric characteristics of the vibronic levels of A,
Specifically, the excess vibrational energy in A must
remuin in the mode of interest for a time long compared
to the reciprocal of the tonization rate. The coupling
time to the intramolecuiar heat bath T, must be much
reater than l/a,l-", in our case something more than
100 ps [nr some of the vibrational levels. Careful pres-
sure and laser intensity studies can, in principie, set
bounds for T, {or singie vibronic levels of excited states
in this inanner. Currently, this information is fairly
difficult to obtain, "

We now turn to a discussion of the results obtained
for TMA, The luck of vibronic detuil o the cbsorption
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FIG. 4, Thke OPA and TPFE spectra of trimethylamine vapor,
Each of the segments of the TPFE spectrum is obtained with
the use of a ditferent laser dye. All dyes were used in their
respective maximum intensity, or flat regions. The TPFE
speetrum is not corrected for changes in dye intensities.

spectrum of TMA (as well as in the other flexible amines)
precludes a definitive characterization of the A~X tran-
sition. Nevertheless, Matsumi and Obi®® recently re-
ported the presence of very subtle vibrational structure
in the low energy portion of the A~ X transition. We
examined the MPI spectrum of TMA and found no evi-
dence of structure, although this technique might make
direct observation of weak vibrational structure difficult
to extract. There is no evidence for a lower lying state
than A in the TPFE or MPI spectra. The TPFE spec-
trum of TMA (sce Fig. 4) does, however, possess struc-
tural features not seen in either the MPI or OPA spec-
trum.

Although the TPFE spectrum shown in Fig. 4 must be
regarded as qualitative because the spectral features are
diffuse compared to the relatively narrow lasing range
for dyes in this region, it is clear that disnarities be-
theen tho (PE o ard O0A specira exint, These dis-
parities are invariant with addition of buffer gas (760
Te-r o hotarne) or TV celi-prassero {up to 609 Torr),

The interpretation of the TMA TPFE spectrum is
probably the sume as that sugyrested above for ABCO.
Accordingly, the “structure” in the TPYE spectrum is
caused by luscr-induced state dependent depletion of the
A state which distorts the vibronic cnvelope of the OPA
spectrum. This is consistent with Zapka and schiifer’s®
work which demonstrates that A state ionization in TMA
is a very efficient process. Kasatuni ¢f al . ® have re-
cently reported the TPFE spectrum of TMA and it shows
no distortion in this region, probably because it is ob-
tained with microscecond laser pulses of comparatively
tow flux. As we have shown above, under low flux con-
ditions, the TPEE spectrum of ABCO also closely re-
scembles its OPA spectrum.  The intensity dependence
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of our TMA TPFL spectra is close to linear, as opposed
to the squared dependence obsérved by Kasatani ef a/,

in their study. Again, as we explained above for ABCO,
this is expected when laser-induced loss processes com-
pete with relaxation and subsequent fluorescence.

CONCLUSIONS

We have found that in ABCO, the systematic intensity
differences between the TPFE and other spectra of the
i-x trunsition ave caused by lases -induced depletion
of the A state ut rates greater thun 10'° s™!, correspond-
ing to twa-photon lonization cross sections from A of
greater than 107 cmts.

In uddition, regularities in the relutive strengths of
the TPFE intensities suggest a rorrelation between
geometlry and ionization cross section and show that en-
erzy remains in the initially excited modes for longer
than 100 ps. Vibhrational assignments used with inten-
sity diffcrences indiciate a twisted ionic configuration
for ABCO. The same qualitative behavior is evident in
TMA and illustrates that studies of intensities in multi-
photon spectra can be of general use for deducing not
only spectroscopic but also dynainical and structural
information. ’

with the high {luxes which charucterize the lasers

neaded to perforrm multiphotun spectroscopy, it is not in
general possible to interpret fluorescence excitation und
absorption spectra as in conventional one photon spec-
troscopy. To attribute differences between TPFE spec-
tra and spectra reflecting two-photonabsorption to radia~
ticriless processes requires independent information.
Laser-induced depletion of excited population can be im-
poriant in modulating intensities in TPFE, and pressure
and power dependence studies can clarify the extent to
which this is the case. lonization cross sections can be
heavily depeandent on the vihrational level excited and,

in the regime where the ionization is close to satura-
tion, this results in distortions of the TPFE spectrum
relative to the OPFE spectrum. To the extent that vari-
ation of ionization cross section with vibrational level
reflects a geometric propensity to ionize, one can learn
about the geometry of the ion and can set a lower limit

-a
~1

on the time T, during which energy is localized in thut
vibration, .
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