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The Electronic Spectroscopy and Photophysics of Piperidine in the Vapor Phase
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The ground- and lowest excited-state properties of piperidine vapor are explored with respect to understanding
its absorption and fluorescence properties. A ground-state intrinsic reaction coordinate (IRC) calculation was
used to model the conformational potential energy surface connecting the equatorial and axial conformers.
At the MP2/6-313%+G** level of theory, the equatorial conformer is more stable by 310%dman the axial
conformer, and the inversion barrier height is 2033 trTwo transitions in the UV, with origins of 38 707

and 44 070 cm* are assigned. The, S- S transition {ops~ 3.2 x 10~3) is Rydberg in nature, with considerable
involvement of all the ring heavy atoms. A vibrational analysis of this transition shows a main progression
in 640 cnr?, which is assigned as the-NH out-of-plane bending motion. The ClIS-calculated equilibrium
geometry of the Sstate indicates considerable distortion of the N atom relative to that@ns. The one-
dimensional absorption spectrum is modeled on the basis of the ground-state IRC and the corresponding
vertical CAS(2,2)/MP2 surface. The IRC dependence of the transition moment was taken into account. The
radiative rate constank;, is estimated be ca. 1X 10° s™1. A weak fluorescence witfimax = 33 500 cnt

is observed with a quantum efficienay, of ca. 1.3x 1074 The lifetime of the $state is estimated to be

ca. 80 ps on the basis qf/k.. Deuterium substitutiondl andd11) results in slight increases .

Introduction interactions if\,N'-dimethylpiperazine. We also wanted to study
a secondary amine that did not present complications arising
"from methyl rotations, such as might be the case, for example,
in N,N-dimethylamine.

The immediate objective of this study was to determine the
fluorescence efficiency and lifetime of the relaxedstate of
piperidine so that we could obtain the total nonradiative
relaxation constant, and to compare these results With
methylpiperidine. As a part of these particular studies, we
undertook a theoretical investigation of the ground-state con-

weakly allowed, low-lying absorption spectra, thesgates of formational energetics of piperidine, and their implications for
such compounas are moderately Iong-lived, e.9. gas-phasethe electronic absorption spectrum. We also reinvestigated the

lifetimes of 61 and 60 ns, respectively), allowing the excited vapor-phase e!eqronic absc_)rption spectrum of pipgriding, and
state to be collisionally intercepted, with such consequences asconducted ab initio calculations on the lowest excited singlet
fluorescence quenchirfgenergy transfefand, in certain cases, state to determine its structure and relevant vibrational modes.
excimef and excipleX formation.

An immediate implication of the intrinsically high fluores-
cence efficiencies and long; $ifetimes of these compounds
(in the vapor phase and dilute nonpolar solution) is that
nonradiative decay from;Ss slow. This is at first somewhat
surprising considering the fact that the S S energy is
considerably greater than theC bond dissociation energy
(i.e., 37 600 and 27 600 cth respectively). It also thus appears
that intersystem crossing into the triplet manifold, and internal

conversion to the ground state, are also relatively slewcd. ) . ) .
made strongly basic using a solution of NaOD (40 wt % in

1P sY). |
For these reasons we were motivated to explore the spectro-020) @nd separated into two phases. A volume of 10 mL of

scopic and photophysical properties of the simple secondaryn€ organic-rich phase was extracted witpentane (spectro-

Tertiary saturated amines are highly fluorescent compounds
both in the vapor phadand nonpolar solutidh For example,
the fluorescence efficiency of the simplest such compound,
trimethylamine, has been reported to be near unity if the
excitation wavelength is not too short, and the system is fully
vibrationally relaxed and does not undergo self-quenchihg.
Other tertiary amines, such as triethylamine ahhethylpi-
peridine have similarly high fluorescence efficiencies. Consider-
ing the high radiative transition probabilities and relatively

Experimental Section

Piperidine (Aldrich) was refluxed and distilled over GaH
and thereafter stored in an evacuated resemditexane, (Fisher
“Optima”), used as a vibrational relaxation agent, was deaerated
using several freezepump-thaw cycles, and kept in vacuo.
Piperidined; was prepared by equilibrating piperidine (6.3 g,
0.074 mol) with BO (40 g, 2 mol) containing five drops of
DCI (20 wt % in D,O) at 23°C for 6 days. The solution was

amine, piperidine. Piperidine was chosen becaudg-itsethyl
derivative is often used as a model tertiary amine in our
laboratory in connection with studies of the-Nl intramolecular

grade, Aldrich) using a continuous liquidiquid extractor for
24 h. The extract was dried over anhydrous,®@,. The
n-pentane was removed by fractional distillation {33 °C)
at ambient pressure. On continued heatitgleuteriopiperidine

* Author to whom correspondence should be addressed. Fax: (812) 237-distilled at 103°C. The fraction boiling between 105 and 105.5

2232. E-mail: a-halpern@indstate.edu.

°C (ca. 5 g) was stored undeg b the dark. Spectral (H NMR,
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IR) and MS analysis of thé&-deuteriopiperidine revealed an 4000
isotopic purity of ca. 97%. Perdeuteriopiperidine (Cambridge
Isotope Laboratories) was used without further treatment.

Absorption spectra were acquired using a Cary 5 spectro-
photometer configured to have a band-pass of 0.1 nm and to 2000
acquire spectra at a constant signal-to-noise ratio of-200.

Emission spectra were obtained using a Spex Fluorolog with a

200-W Hg(Xe) source from which 238 radiation was isolated.

The multiple scan option was used to increase the signal-to- 0
noise ratio; typically 40 scans were run. The emission band-
pass was 3.8 nm.

IR spectra were obtained with a Midac FT-IR spectrometer
(model M2000). A 10-cm gas cell, fitted with KBr windows 4000
was filled with the liquid-equilibrated vapor at 2&.

The S < S transition was resolved from the stronger<S
S transition by fitting a Gaussian function to the portion of the

E/CM’

observed spectrum between 47 590 and 49 830'cWe used 2000 \ /

that function to represent,S— S band, which was then

subtracted from the observed spectrum at lower energies to

isolate the low-energy part of thg S- S absorption. We then )

approximated the full §— Sy absorption spectrum by reflecting 0 ) . v

the low-energy curve about its maximum at ca. 43 100tm -2.0 -1.0 0.0 1.0 20

The $ <— & absorption spectrum was then obtained by IRC / A-AMU"

subtracting the §— S spectrum from the observed spectrum. Figure 1. IRC potentials and eigenvalues of thg &d S states of
The oscillator strengthsg, of the § — Spand $ — S transi- piperidine. The fully relaxed potential is obtained from an IRC MP2/

6-31+G* calculation, and the Svertical potential is obtained from

tions were obtained from single-point CAS(2,2)/6-3tG* MP2 calculations.

f=432x10°f edv 1) estimate that ca. 75% of piperidine molecules are in the
equatorial conformation at 300 K, assuming thermal equilibrium
wheree(¥) is the molar absorbtivity. The radiative rate constant, between the conformers.
k., was approximated from the relation

— —9 rp —3r71 e(v) dv
k=2.88x 10 ° [ °O0 fsfso 5 2) \H \H ‘H
where [y ~3is the mean reciprocal cube of the fluorescence
I I n

frequency. The integration is over the § S band.
Calculations were performed using Gaussiah&& MOL-

9 . . . o
PRO: We examined more fully the energetics of N-inversion in

ground-state piperidine. Accordingly, we performed an intrinsic
reaction coordinate (IRC) calculati&of the inversion motion.

1. Ground State Conformational Structure. Although the A significant feature of this calculation is that, unlike a relaxed
main focus of this paper is on the photophysics of piperidine potential energy surface scan based on a single internal
vapor, with an emphasis on the properties of thestate, we coordinate, it utilizes a mass-weighted reaction coordinate,
begin the discussion by giving some attention to the ground which obviates the need to develop a model for the effective
state. This is necessary in view of the fact that, as we will reduced mass (or account for the coordinate dependence of the
indicate, the equilibrium structure of the relaxedstte is planar reduced mass) in determining the eigenvalues associated with
with respect to the N-atom center, in contrast to the pyramidal the IRC potential. This potential, obtained at the MP2/6-GT
ground-state conformers. It is important, therefore, to understandlevel of theory, is shown in Figure 1, along with its eigenvalues.
the potential energy surface of the equatorial and axial conform- These eigenvalues can be compared with the calculated (har-
ers of ground-state piperidine in connection with its absorption monic) frequencies associated with the inversion motion of the
and emission spectra. Thus we must, in principle, deal with thesetwo conformers. From an MP2/6-31G* calculation, these
two absorbing conformers, which presumably have a common values (forv,, a strongly IR-allowed transition) are 801.7 and
excited state. Furthermore, as we will show, the absorption 792.3 cni® for the equatorial and axial conformers, respectively.
probability of the axial conformer is calculated to be larger than The IRC potential gives fundamental frequencies of 691 and
that of the equatorial conformer. 683 cnt! for these conformers, respectively, which, considering

To determine the relative energetics of these conformers wethe strongly anharmonic quality of the inversion potential, are
fully optimized the respective structures at the MP2 level of predictably smaller than the MP2-calculated values. Interest-
theory using the 6-3H+G** basis set. These calculations ingly, the differences between the values of the equatorial
indicate that, as expecté®!! the equatorial conformer ) is and axial conformers are similar for the MP2 and IRC calcu-
more stable-in this calculation by 301 cmi—than the axial lations, i.e., 9.5 and 7.1 cm, respectively. The IR spectrum
structure [1). In addition, a QST2 calculation located the of piperidine vapor shows a strong set of poorly resolved bands
inversion transition statdl( ), which is calculated to lie 2033  in the 726-750 cn1? region in which we discern two overlap-
cm! above the equatorial conformer. From these results we ping bands centered at 738.0 and 727.2 §mvhich may be

Results and Discussion
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Figure 2. The absorption spectrum of piperidine vapor at 296 K
obtained at a bandwidth of ca. 16 cn
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We studied the temperature dependence of the absorption
spectrum in this region between 282 and 313 K. Over this
temperature range the intensity of the 37 987 tnband
increased by a factor of ca. 1.7 relative to the 38 707 dnand.

This Boltzmann factor is consistent with the energy separation
of these bands of 720 crth and appears to confirm that the
37 987 cn1! features are thermal in origin, and also indicates
that none of the four prominent features at 38 707 tare hot
bands or sequences. Thus we remain with our assignment of
the 38 707 cm! feature as being the-® band of the — S
transition.

As shown in Figure 2, the cluster of features at ca. 38 800
cm! (including the G-0 band) contains several closely
separated components with cumulative spacings of 68, 158, 241,
and 333 cm. This pattern seems to be repeated for the first
three members of the 640 ciprogression, as well as for the
hot band. Nath et &F have reported three frequencies (91, 176,
and 646 cm?) in the pipridine spectrum. Our value of the 68

associated with the equatorial and axial conformers. Vedal et

. : :
al. have also reported (and depicted graphically) a complex set" separation between the-0 band and the next prominent

of bands in piperidine vapor in this regiéhFrom the relative
intensities of the 738 and 727 chbands, we estimate the
axial—equatorial energy difference to be approximately 175
cmL. This result compares with our MP2 value of 301 ¢m
(see above) and with literature values of 175@rtiR),*4 140
(dipole moment}? 260 cnT! (microwave)i® and 126 cm?
(NMR).%7

The conformational inversion barrier obtained from these IRC

calculations is 2075 cn, which is very close to the value of
2033 cn1! cited above for the QST2 results. An interesting
characteristic of the transition state structuilé )(is that the
N,H,C,,C, atoms are not exactly coplanar, i.e., the H atom
lies ca. B3 out of the N,G,C, plane.

2. Electronic Absorption Spectrum. We acquired the

absorption spectrum of piperidine vapor at 296 K at moderate

resolution (ca. 16 cm') between 36 000 and 52 000 cinTwo

absorption systems can be identified in this region: a weakly

allowed transition commencing at ca. 38 800 ¢énwith an
oscillator strengthf, of ca. 3.2x 103 and a more strongly
allowed system beginning at ca. 44 000 dmhaving an
estimatedf value of ca. 0.06 (see Experimental Section). We
attribute these absorptions to tha S S and S — &
transitions, respectively. The S- S transition is considerably
distorted by the low-energy tail of the more intense<S S

transition, but nevertheless displays considerable vibronic

feature differs from theirs, which was determined from photo-
graphic data. Because of the temperature independence of the
intensities of these bands, we assign the three main bands to
the blue of the 80 band as members of one, or possibly two,
low-frequency progressions.

A CIS frequency calculation of the optimized State (V)
of piperidine indicates that the lowest-frequency mode in that
state is 150 cmt, and corresponds to a mode having consider-
able N-atom out-of-plane bending character. This activity is
likely to be very important in coupling theo&nd S states
because the CIS-optimized geometry of the latter is very
distorted with respect to the position of the N atom Vdgis
the ground state. This significant geometry change is indicated
in IV. It is noticeable that it is principally the N atom itself,
rather than the H(N) atom, that is displaced in the relaxed S
state.

v

structure. Figure 2 displays the spectrum between 37 000 and Anticipating that the N atom is in a (nearly) planar arrange-

41 000 cn1t. We assign the feature at 38 707 Thas the 6-0
band. Nath et & also attributed this feature (reported by them

ment in the equilibrium Sstate, we may expect the ground
state N-bending motion to be strongly coupled with the-S

at 38 731) as the transition origin. At least five members of a So transition. It is therefore reasonable to assign the 720'cm

progression in ca. 640 crhcan be seen to arise from the-0

hot band to the N-bending mode of the (principally equatorial)

band, and the mode associated with this progression appears t@round state, and the 640 chprogression to excitation of the
be quite harmonic (spacings between the progression memberd\-atom out-of-plane bending mode of. Ve will discuss the

are constant within ca. 8 crh). A set of features at ca. 38 000

structural and vibrational properties of the Sate in the next

cm1 appears to be hot bands, the displacement of which is ca.Section.

720 cnr! to the red of the 60 band. The principal feature
here at 37 987 cni is approximately 0.26 as intense as the
0—0 band. Although this is an order of magnitude larger than

The UV absorption spectrum of piperidine up to 50 000€m
is shown in Figure 3. We attempted to decompose the total
absorption (A) into its $— S and $ — S components (see

would be expected on the basis of the Boltzmann factor, it is Experimental Section). On this basis we estimate the vertical

possible that the increased Franckondon factor of this mode,

S, — S transition energy to be ca. 43 100 thhWe assign

or possibly the transition matrix element, enhances the transitionthe origin of the more intensely allowed S- S transition at

probability. Another possibility, however, is that the 37 987
cm1feature is actually the origin and the 38 707 ¢rtransition

is the first of a 720 cm! progression, with the other five features
being members of a 640 crhprogression built off of the 38 707
cm~! absorption band.

44 070 cnrl. Several vibrational features are observed in this
spectrum and may be interpreted in terms of possibly two
progressions in ca. 630 crhand a single member of a 735
cm! progression; however, the spectrum, is too diffuse in this
region to warrant further analysis.
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Figure 3. The decomposition of the absorption spectrum of piperidine €lementM, of piperidine.
vapor at 296 K (A) into its $— S (S1) and $— S (S2) components.
(See Experimental Section.) 1.0 4

3. The S State

The CIS/6-3%G* calculation of the equatorial conformer
places the vertical Sstate at 56 000 cmt with an oscillator
strength, f, of 0.0008. The same calculation of the axial
conformer locates the vertical; State at 56 350 cm (f =
0.015). Although the experimental vertical transition energy
cannot be directly determined because of the interference of 02
the more strongly allowed,;S— S transition, these CIS values
are clearly much too high. A natural bond orbifa(NBO) AAMAAAA R
analysis of the CIS (equatorial) results for the-S S, transition y y
indicates that it corresponds to the promotion of an electron RELATIVE WAVENUMBERS
frF’m the HO,MO' Wh'ch IS prlnC|paIIy they orb'ta,‘l (70%) but Figure 5. One-dimensional absorption spectrum of piperidine modeled
with appreciable contribution from the two ant,€H bonds from the IRC surfaces shown in Figure 1. The IRC dependence of the
(17%), to an extensively delocalized molecular Rydberg orbital. electronic transition moment is taken into account using eq 3. Each
The CIS calculation indicates that the largest contribution to “stick” is Gaussian broadened by 120 thn
the § — S transition is the HOMO— LUMO promotion
(35%), with the latter m.o. consisting of Rydberg orbitals on ground-state IRC in Figure 1. The eigenfunctions and eigen-
thea-C atoms (29%) and the N atom (10%), with the remaining Vectors associated with these IRC surfaces were used to
density delocalized over other atomic centers. The other virtual construct the corresponding one-dimensional absorption spec-
orbitals that are involved in the, State also consist of Rydberg trum. Because the electronic transition matrix element is
orbitals centered omll the heavy atoms. These calculations dependent on the IRC coordinate (the axial conformer having
reinforce the concept that the excited states of the saturated@ larger $— S transition moment), the vibronic components
amines are very dif‘fugézj-andl in the case of piperidine, involve of the spectrum were obtained from the vibrational transition

0.8

0.6

0.4 -

RELATIVE ABSORBANCE

0.0 T * T
-2000 0 2000 4000 6000 8000 10000

nearly the entire heavy-atom framework. moment matrix elements using the relationghip
As mentioned above, and as showrlVhvis-&vis | andll, ,
the relaxed $state of piperidine is very distorted relative to Ly O N [I‘If\?‘? M(Q) W dQ] 3

the ground-state conformers, particularly with respect to the

positions of the N and H atoms. For example, in thestate whereN,- is the Boltzmann factor of the''th eigenstate of the

the C—N—C,—C; dihedral angle is 17% whereas it is 301 S state, vy is the frequency of the vibronic transition, the

in the ground (equatorial) state. Also, the N atom in thetSte y’s are the vibrational wave functions of thg &d S states,

is nearly planar: the &-N—C', and G—N—H bond angles andM(Q) represents the IRC coordinate-dependent electronic

are 127.4and 115.9, respectively (the sum of the central bond transition moment. A plot oM(Q) is shown in Figure 4 and

angles on the N atom is 359)2 It is interesting to note that  indicates the intrinsically larger;S— S absorption probability

the S N—H bond length is slightly longer than that in,$.e., for axial-like conformations of piperidine.

1.044 and 1.020 A, respectively. The-0 energy of the §— The calculated absorption spectrum modeled on the IRC

S transition (zero-point energy-corrected) obtained from the surfaces shown in Figure 1 is depicted in Figure 5. This

CIS/6-3H-G* calculation is 47 700 crt, which compares with ~ spectrum cannot be directly compared with the experimental

our assigned value of 38 707 cf Again we see that the CIS  spectrum (Figure 2), not only because the profile of the latter

method, along with the relatively restricted basis set used, is considerably distorted by the more strongly allowed-SS,

considerably overestimates the transition energy. spectrum, but also because it is by nature one-dimensional, while
We further explored the;Surface by calculating the vertical ~ the experimental one undoubtedly represents several vibrational

S, surface reached from points along the ground-state IRC. Thismodes. Nevertheless, it is evident that one expects essentially

surface was obtained by performing CAS(2,2)MP2/6-&F a superposition of absorption spectra arising from the two

single-point calculations on piperidine structures along the conformers, offset from each other by the difference in zero-

ground-state IRC described in Section 1. Thes8rface and point energies of the conformers. Some general patterns seen

the eigenvalues thus obtained are shown along with the relaxedin the calculated spectrum that can be recognized in the
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L 250 TABLE 1: Summary of Spectroscopic and Photophysical
T Data for Piperidine Vapor at 296 K
. A 0L S1— % (0,0) 38708 cmt
7] P -~ (258.34 nm)
& - S — $(0,0) 44070 cm?
z 10 2 (226.91 nm)
Z s e S — S (vertp 43100 cmt?
2 L100 § (232 nm)
5 2 S — S (vert) 33500 cm?
u Lo % (299 nm)
a fs, — 2P 0.003
= fo,— 520 0.06
! . . . 0 O 1.3x 10
29000 34000 39000 44000 49000 KC 1.7 x 105 5*1
WAVENUMBERS / CM" 74 80 ps

Figure 6. The fluorescence spectrum (F) of piperidine vapor excited a Estimated by separating the observed absorption into the S
at 228 nm and 296 K in the presence of 100 Torr of hexane. The and S — S components? Calculated using eq E.Calculated using
observed absorption spectrum (A) and the estimated S, spectrum eq 2.9 Obtained fromgy/k..

are also shown. The feature in (A) at 44 0707¢ris assigned as the

0—-0 band of the 8— S, transition. to achieve vibrational relaxation in the Banifold, piperidine

fluorescence was obtained in the presence of ca. 100 Torr of
experimental spectrum such as (1) the prominent progressionn-hexane (the excitation energy used is ca. 3300catove
in what might be characterized as the upper state out-of-planethe 0-0 band of the $§<— S transition). We were unable to
bending motion (i..7ops = 640 cNT?; Pcqe = 540 cnrl) and determine the fluorescence lifetime of piperidine because of its
(2) the clustering of bands that, in the case of the calculated weakness and also its presumed very fast decay. However, using
spectrum, arise from transitions from the two conformers. In the estimated oscillator strength of the<S S transition along
the latter situation, however, the observed spacing is muchwith 7yax Of the fluorescence spectrum, we estimated the
smaller than that calculated (i.e.,6090 cnt ! observed; 196 corresponding radiative rate constaky,to be ca. 1.7x 10°
230 cnt?! calculated). The calculated spectrum shows that s™1. This value allows us to obtain an estimate of the
despite the IRC-dependence of the transition moment, as wellfluorescence lifetimegs, of ~80 ps (i.e., a decay rate of 1,3
as the displacement between thga®d S along the IRC, the 10 s71), based on the relationship = q/k.. Because of its
transition origin (at “0” energy) is discernible, although weak. presumably very short lifetime, the piperiding State is

Fluorescence SpectrumPiperidine vapor (15 Torr), when  probably not completely vibrationally relaxed in our experiments
irradiated at 238 nm (42 000 cr#) produces a weak, seemingly  where the total pressure is only ca. 115 Torr. At this pressure
structureless emission band centered at 33500 cAithough the collision frequency is only ca. 12 1(° s%. A pressure of
one must be very cautious about making assignments of weakca. 16 atm of buffer gas would be required to provide a collision
emission, especially in view of the fact that in this case there frequency equal to the piperiding &ecay rate. Thus we believe
are no definitive, i.e., vibronic, features, we attribute the 33 500 that the measured fluorescence efficiency represents a lower
cm! band to the §— S fluorescence of piperidine. This  limit, assuming that vibrational relaxation in the ®anifold
emission spectrum is shown in Figure 6 along with the Franck would result in fluorescence enhancement, a result of the
Condon profile of the §— S spectrum that we decomposed generally expected decrease in the nonradiative decay rate with
from the total absorbance (see Figure 3). The Stokes’s shift isdecreasing vibrational energy. Table 1 summarizes the photo-
estimated to be ca. 9600 cf physical and spectroscopic data reported here for piperidine
We note that the emission intensity was proportional to the vapor.

piperidine pressure used to fill the cell, and we are reasonably The immediate question posed by these results is why
confident of the purity of the piperidine used in our experiments. radiationless decay in piperidine vapor is so much faster than
We also point out that the signal strength was time independent,that in N-methylpiperidine, i.e., ca. 1.3 10 s~ compared

the intensity remaining constant afterl h of irradiation with 3.3 x 1C° sL It is not known at this time which
suggesting that piperidine is photostable under our experimentalnonradiative process (or processes) depletes thet&de of
conditions. piperidine, or, for that matter, any of the saturated secondary

Given the highly distorted structure obtained from the CIS- amines in general. Initial studies in our laboratory indicate that
optimized S state vis:avis the ground state (see | and IV), we dimethylamine vapor fluoresces with a very small quantum
can anticipate that the corresponding Fran€ondon ground efficiency. As mentioned above, qualitative data indicate that
state produced via radiative relaxation from&ll be fairly vapor-phase piperidine appears to be relatively photostable, i.e.,
energetic, possessing both considerable ring strain as well aghe weak fluorescence signal observed does not decrease upon
N-atom rehybridizing energy. Indeed, the observed red shift of prolonged irradiation at 238 nm. Thus it is perhaps unlikely
the piperidine fluorescence maximum relative to thedand that the $ state is effectively depleted via photodissociation.
of the § — S transition, is ca. 4,500 cm. This value can be Because the triplet states of these compounds have not been
compared with the calculated energy difference of 4,900cm identified yet, it is premature to speculate about the possible
between a RHF/6-31tG* energy of the $state at the optimal  enhanced rate of intersystem crossing in secondary-vis-a
geometry (i.e., the FranekCondon state reached via fluores- tertiary amines.
cence) and that of the equilibrium equatorial geometry. It should  To explore the possibility that the-N\H stretching mode (or
be noted, however, that the observed fluorescence might notother related vibration) is involved in radiationless decay in
be fully collisionally relaxed (see below). piperidine, we determined the fluorescence quantum efficiencies

The fluorescence quantum efficiency of the piperidine emis- of piperidinedl and perdeuteriopiperidine under identical
sion, g, is estimated to be 1.8 1074 (0 = 0.1 x 10~%), based conditions as those for piperidine as reported above. The results
on a value of 0.98 foN-methylpiperidine vapot.In an attempt indicate only very small increases @ for piperidined; and
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perdeuteriopiperidine, i.e., 1.6 10* (¢ = 0.3 x 1074 and
4.3 x 1074 (0 = 0.5 x 107%), respectively (cf. 1.3« 104 for

Halpern et al.

Ochterski, J.; Petersson, G. A.; Ayala, P. Y.; Cui, Q.; Morokuma, K.; Malick,
D. K.; Rabuck, A. D.; Raghavachari, K.; Foresman, J. B.; Cioslowski, J.;
Ortiz, J. V.; Baboul, A. G.; Stefanov, B. B.; Liu, G.; Liashenko, A.; Piskorz,

piperidine). Assuming that the radiative rate constant of piper- p . Komaromi, I.; Gomperts, R.; Martin, R. L.; Fox, D. J.; Keith, T.; Al-
idine is unaffected by deuteration, these data suggest that there.aham, M. A.; Peng, C. Y.; Nanayakkara, A.; Gonzalez, C.; Challacombe,
is a slight decrease in the nonradiative decay rate from the S M.; Gill, P. M. W.; Johnson, B.; Chen, W.; Wong, M. W.; Andres, J. L.;

state of the deuterated compounds, presumably as a consequen

of lower vibrational frequencies and their effect on Franck

onzalez, C.; Head-Gordon, M.; Replogle, E. S.; Pople, JGaussian
, Revision A.7; Gaussian, Inc.: Pittsburgh, PA, 1998.
(9) MOLPRO is a package of ab initio programs written by Werner,

Condon factors or tunneling rates. There seems to be noH.-J.; Knowles, P. J.; with contributions from AlfifloJ.; Amos, R. D.;

implication that motion involving the NH atom is particularly
significant in promoting nonradiative decay. Further studies of
the photophysics of secondary amines are continuing.
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