6010 J. Phys. Chem. 2006,110,6010-6015
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The adiabatic ionization threshold (AIT) tins-andgauchebenzocaine has been measured by zero electron
kinetic energy-pulsed field ionization (ZEKE-PFI) spectroscopy to be 7.84020008 eV (lasers at 34134.4

and 29109.3 cmt) and 7.8424 0.0004 eV (34144.8- 29105.7 cm?), respectively. AlITs computed at the
B3LYP/AUG-cc-p-VDZ level for the two conformers are som@500 cm'! lower than the experimental; in
contrast their energy difference is very close. Ttesbenzocaine cation ZEKE spectra has been recorded
taking a number of Sintermediate vibronic states. The spectra provide an energy threshold for the appearance
of intramolecular vibrational redistribution (IVR) arouneb40 cm® in the § state.

|. Introduction

Ethyl-p-aminobenzoate molecule (benzocaine) is a local
anesthetic that inhibits the propagation of action potentials in
excitable tissues by blocking the voltage-gated Nhannels.
Since the affinity of the molecule for the receptor is closely
related to the propensity to dock into the active site, a fine
knowledge of the structure is needed to understand its function.
The spectroscopy of benzocaine and some of its van der Waals
clusters has been the subject of interest in a number of
studies?~8 that have shown the existence of two conformers of
rather similar stability. The position of the ethyl group relative
to the aromatic ring in the anti and gauche benzocaine leads to
an energy difference 0150 cnT?, as computed at the B3LYP/ "
AUG-cc-pVDZ level. It is also worth noting that the title
molecule belongs to a family of pusipull molecules with Trans gaHChe
twisted intramolecular charge transfer (TICT}! However, the Figure 1. Ball and stick structures of the trans and gauche benzocaine
effect is not directly observed in benzocaine itself because the conformers.
energy separation between the, and 1L}, electronic states is . o
too large for molecules with no substituents in the amino group. toward a detector. If the energy provided by the lasers is just

Despite the good understanding of the structure and spec-over that of ionization threshold (IT) the energy excess appears

troscopy of the benzocaine &nd S states, to the best of our as kinetic energy (energy and momentum conservation) and the

knowledge, no studies have been reported on the ion. This gaplow mass electrons escape from the extraction region before

in the information prompted us to accomplish a zero electron the ﬁuése_iﬁdapr;:ied and, hencfe,hare no longer ddetected. '_I'Lre
kinetic energy-pulsed field ionization spectroscopy (ZEKE-PFI) Method yields the spectrum of the cation ground state wit
study. ZEKE spectroscopy was developed in 198ds a yrbratrqnal (and even rotatiorid) resolutrorl, and t.he adlabatrc
refinement of the photoelectron spectroscopy and it is grounded'On'zat'on6 threshpld; (AlT) are de'rermrned with very high
on the long lifetime of the Rydberg states with higrand | accuracy® Since its inception a considerable number of papers

quantum numbers, the so-called molecular ZEKE st@t&dn have been publishéd,despite the intrinsic difficulty and the

conventional photoelectron spectroscopy, the molecular absorp-frequem appearance of artifacts in the applicatfon.

tion of a high energy ionization photon vyields (ions and)  In the present paper we apply the ZEKE-PFI spectroscopy
electrons whose excess energies are analyzed with a séfector. © determine the adiabatic ionization threshold (AIT) of the two
In contrast, in two-color ZEKE-PFI spectroscopy, two photons Penzocaine conformers. The rather small structure difference
of appropriately selected tunable pump and probe lasers provide(Figure 1) leads to a mere 4 cinshift between their §— S

the energy and angular momentum to yield Rydberg states with 0 transitions. The issue is to determine whether this difference
highn and lowl quantum states (2c-R2PI process). High-density is larger in the ion or not. Furthermore, there are stut_jies_ that
Rydberg state species interacting with small stray fields mix Suggest that the B3LYP method is capable of qualitatively
their states producing long-lived higrandm statesié After a reproducing the shifts in AIT between conformational isomers
300 ns-10us delay, a few volts extraction pulse is applied, ©Of stable molecules and clusters. Therefore, the comparison
ionizing the high Rydberg states and driving the ZEKE electrons Petween the experimental data and the DFT calculations will

confirm or not such capability.

*To whom correspondence should be addressed. E-mail: f.castano@ehu.es. Finally, the use of a # 1’ photon absorption process ionizes
Telephone:+34 94 601 2533. Fax:+34 94 601 3500. the molecules permitting one to record the ion spectra using a
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Figure 2. Two-color REMPI spectrum (R2PI) of a supersonic expansion of benzocaine in He at a stagnant pressure of 1.5 bar (a) and benzocaine
in an He/(Ar 10%) mixture at 1.5 bar. The bands labeled with an asterisk have been employedtesr&diate vibronic states to monitor the
ZEKE spectra (see Figure 7).

number of vibrational levels of the;Slectronic state. The In the ZEKE-PFI experiments plate V1 is set to ground.-800
method has been used to derive dynamic properties of the S 1000 ns after the counterpropagating purppobe pulsed lasers
state and, in particular, to determine the onset of the intramo- cross the expansion an extraction pul$e3ov is applied to

lecular vibrational redistribution (IVR). plate V2. The delay let time enough to the prompt electrons to
fly away from the ionization region. The extraction pulse
Il. Experimental Setup accelerates the ZEKE electrons out of the ionization region

] ) . toward the detector and the ZEKE spectrum recorded by
The experimental setup consists of a modified ZEKE-PFI mgnitoring the field ionization yield as a function of the
spectrometer (built by R. M. Jordan Co, Inc. under request), frequency of the second laser. The extraction voltage pulse was
equipped with two multichannel plate (MCP) detectors, for ions gptained from a digital function generator (Agilent 33250A)
and for electrons respectively, two tunable pumping laser/dye  The |aser tuning was operated with Rhodamine 590, LDS
laser/SHG coupled systems and the appropriate electronics forggg or pcm dyes (Exciton) and the laser wavelength was

signal collecting, processing and further storage. A stainless Ste?lmonitored in real time using a Wavemaster wavelength meter
pulsed valve (R. M. Jordan) was used to generate a SUpersonigcoherent).

beam expansion of a mixture of benzocaine vapor and either
pure He or 10% Ar in He. Typical stagnation pressures were in ||| Theoretical Calculations
the 2-5 bar range. Benzocaine was heated in an external oven ) ) )
to ~145 °C (418 K) to get enough vapor pressure for the T_heoretlcal calculat|on_s have been conducted to a_ld the
expansion mixture. As the Jordan valveTidimited to 90°C assignment of the experimental spectra and to check if DFT
(363 K), condensation appears in the valve nozzle and insideMethods provide sensible predictions of the AIT. All the
the stainless steel pipes. The tubes internal surface are coveregalculations were conducted with the Gaussia# G8ftware
with benzocaa, which is further heated, helping to maintain a N & cluster of PCs based on dual Athlon K7 (28QGand P4
concentration high enough to carry out the experiments. Xeon (2.4 GHz) processors. All the calculations are zero point
The supersonic expansion is carried out inside the ZEKE €N€rgy corrected, unless speufleq otherW|se. In the text,'the
spectrometer chamber, kept at an average working pressure ofiPrational modes of the aromatic ring are labeled using
2 x 1075 mbar, and the central part of the plume is passed Wilson s nomenclatu_re, v_vhlle' all the others are _de&gped
through an 1.0 mmp skimmer in order to get an improved wheren is a sequential vibration number, beginning with the
uniform pulsed beam. The molecular expansion is crossed at!oWest energyi; for the lowest, for the next and so on).
right angles by an XeCl-excimer/dye laser beam, tuned at the
benzocaine first electronic; State. A second laser, in a counter
propagating coaxial geometry, overlapping spatially and tem-  The 2-color REMPI (R2PI) spectrum of benzocaine in a
porally with the pump laser, ionizes the species with the supersonic expansion is depicted in Figure 2a. The two intense
minimum energy excess. A compact Lambda Physics Scanmatepbands of the spectrum are readily identified as the trans and
coupled to an in-house Quantel Brilliant B Nd:YAG laser was gauche benzocaineo D transitions? The energy difference
used as ionization laser. between the two conformers, computed tob&50 cnT?! at
Once the species of interest are ionized, the ions arethe B3LYP/AUG-cc-pVDZ level, results in a®band intensities
accelerated by an electric field created by three parallel plates,ratio of ~2:1 (Figure 2a). However, if the supersonic expansion
V1, V2, and V3, set at 420& 50, 37504+ 50, and 0 V and fly is carried out with a 10% Ar/He mixture, only the more stable
toward the MCP detector. The delayed arrival time is inversely conformer band is observed (Figure 2b). Usually, a deeper and
proportional to the square root of the mass and the signal faster cooling freezes down the less stable initial population,
generated by the MCP is routed to a Tektronix TDS520 digital precluding the population transfer to the most stable species.
oscilloscope, where it is integrated, averaged, and sent to a PAn contrast, the observed species in our system is the most stable.
computer for further analysis and storage. It may well be that the collisions with the buffer gas are

IV. Results and Discussion
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Figure 3. Relaxed potential energy profile of the rotation of the propyl group around the O-Et bond in benzocaine. The open circles stand by ZPE
corrected full optimizations energies. The fit to the filled squares is a sifglgline to draw the potential energy. Note the small energy barrier
size of the isomerization process.

energetic enough to drive the population of the less stable isomerdifference: the trans conformer belongs to thesymmetry
over the isomerization barrier into the more stable conformer. group, with two irreducible representations &nd A’ while
To substantiate the argument, an examination of the gauche the gauche conformer belongs to t@g point group (with no
trans isomerization potential energy surface (PES) was carriedsymmetry operations other than the identity). Thea8d Dy
out. Figure 3 shows a relaxed potential energy scan (RPESstates of trans benzocaine fit in’' Aand A’ irreducible
option in Gaussian) at the B3LYP/AUG-cc-pVDZ level. The representations respectively;similarly, ux and u, dipole
open circles correspond to ZPE corrected full optimizations. moments belong to ‘Aand theu, dipole moment belongs to
The fit to the filled squares is a simpfespline to sketch the  A". Therefore, all the trans vibrations are electric dipole allowed
potential energy. It should be noted that the barrier between within the Dy < S, transition, although the vibrations with''A
gauche and trans conformers is less than about 5¢* @md symmetry (for example, out of plane ring vibrations) are
the collisions with Ar may involve enough energy to overcome expected to be more intense, singés the strongest component
the shallow barrier. Such a property has been used to recordof the dipole moment. The gauche conformer, with no symmetry
the ZEKE spectra of the trans species, without interferences operations other than the identity, has all the electric dipole
from the gauche isomer. transitions allowed. An additional difference between the
The ZEKE spectra of botlrans and gauchebenzocaine, structure of the conformers is the relative orientation of the ethyl
recorded using the;° level as intermediate state, are shown group and the aromatic moiety, giving rise to a significant degree
in Figure 4, where the wavenumber scale corresponds to theof mixing of the aromatic ring and the ethyl group normal
energy of the ionization photon. Because of the large size andmodes, that finally yields a shift of vibrational frequencies and
low symmetry of benzocaine, the vibration motions are strongly a change in the intensity of the vibronic bands.
coupled. Wilson's nomenclature is used for the ring vibrations  The AIT accuracy is noticeably improved by extrapolating
while other bands are labeled in order of ascending energy. Forthe measurements at a series of extraction volt&jesfact,
the gauche conformer a number of vibrational assignments arethe jonization threshold varies with the extraction electric field

feasible and are tagged in Figure 4. according t83
At first glance, the spectra @fans- andgauchebenzocaine
look appreciably different. The spectrum of the trans conformer AE
has a larger number of usually more intense bands than that of ——— = kyF/(V/cm)

—1-
the gauche. The symmetry may be one argument to explain the hocm )
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I, trans TABLE 1: Comparison between Adiabatic lonization
Thresholds (AIT) of Some Aniline Derivatives (in
Wavenumbers)
molecule =S lo—$S AIP
Vag aniline® 34029 28242 62268 4
v Vio 9 anti p—n-propylaniling 33266 26451 5971%3
V,I | (16a;) |V (1089 V36 (9a1) gauche p-n-propylaniliné 33211 26582 5979% 3
Ve v | var(18an) | transbenzocaing 34134 29109 63243Z 6°
JMW@ trans-benzocaine, computéed 61762
gauchebenzocaine 34145 29106 632504 3°
gauchebenzocaine, computed 61787

I h . .
o gauche aFrom ref 27.° From ref 26.¢ This work. ¢ Estimated from R2PI:

632814 20 cntl. € Estimated from R2PI: 6328& 20 cnt?. f At the
B3LYP/AUG-cc-pVDZ level.
va(102) — S transition. However, the influence in the B- S; transition
energy is significantly larger;-700 cntl. As the ester group
induces a blue shift in the aniline chromophore, one concludes
that the ester group is an electron-withdrawing substituent.
] The influence of the orientation of the ethyl group on the

A o A n electronic transition and on the AIP is very small: only 11ém
for the § — S transition and 7 cmt for the Dy — S;. These
shifts are smaller than the corresponding shift in the AIT of
the aniline derivatives conformers. For example, the anti and
Figure 4. ZEKE-PFI spectra ofransbenzocaine (upper trace) and  gauche conformers gn-propylaniline are separated 77 ci
gauchebenzocaine (lower trace), recorded using theOSlevel as (Table 1). The larger difference is probably due to the direct
and so it is indicated. in thegauche-pn-propylaniline, which is not present in the anti
isomer.

The AlTs have been computed for optimized structures at
the B3LYP/AUG-cc-pVDZ level and are compared with the
experimental values in Table 1. It should be noted that although
the calculated AITs are ca. 2500 cinsmaller than those
measured, the calculations correctly predict a higher AIT for
the gauche conformer. The predictive power of the B3LYP
method has been previously employed for molecules of the same
size24 showing that this calculation level always yield values
that are~2000 cnt! too low, although it is able to predict
differences between isomer’s AlTs. In the present case, due to
the small difference between AITs, the good agreement between
experimental and calculated energies might be accidental.

To obtain dynamic information on the, xcited state, the
ZEKE spectra of the trans conformer were measured using a
few vibrational levels of the Sstate, labeled with asterisks in
Figure 2b and depicted in Figure 6. The g and 9b modes
includes skeletal motions of the ethyl ester group. As expected
by symmetry, in planeif) and out of planedop) vibrations

Figure 5. Adiabatic ionization thresholds vs extraction field voltages are observed.
plots for trans- and gauchebenzocaine. Extrapolation to zero field Figure 7 shows the ZEKE-PF| spectra obtained using
yields appearance ionization total energies for the trans and gaucheintermediates ®°, Sivel, S9bt, S6at, S6bt, and S10&
conformers of 63244c 6 and 63251 3 cm*. vibronic states, at 0, 242, 466, 548, 583, and 798 tm
respectively over the@transition. To ensure that no transitions
whereF is the applied electric field (V/cm), arldis a constant, from the gauche conformer are excited and to maximize the
known to be about 4 for diabatic and 6 for adiabatic field trans population, and therefore the signal intensity, a 10% Ar/
ionization processes. Figure 5 depicts the ionization onset of He mixture was employed as stagnant gas. Note that the gray
the Dy — S; transition of the gauche and trans isomers as a region in the upper three spectra shows the blind area of our
function of the electric field applied F. Extrapolation to zero BBQ crystal. The assignments shown in Figure 7 are based on
field yields the following ionization thresholds: 7.8412 the comparison between the normal modes computed at the
0.0008 eV (34134 29109 cnt?) for trans-benzocaine, and ~ B3LYP/AUG-cc-pVDZ level and the experimental band ener-
7.8421 4+ 0.0004 eV (34144+ 29105 cnl) for gauche gies.
benzocaine. Previously reported AIT using R28&iffer from In the case of the B¢l intermediate vibronic state, the ZEKE
these values by ca. 30 cth Table 1 compares the AIT of  spectra show a progression with three bands. Some other weak
benzocaine with those of other aniline derivatives. features, labeled as 18a6b;*, andvg + v,;" are also observed.
The difference of the AITs of aniline and benzocaine shows A similar pattern is observed for thg bt state, although with
that the ester group induces~a00 cnt? blue shift to the $ an increase in the vibrational activity: most of the vibrational

Vio/VgtVa/Vetv,

+ +
Vi V]]/V9+V2/V1()+V] Voo VI/VZS(Et 1931)

V2|7 (183])

29700 30000 30300

Wave numbers (cm'1)

29100 29400

o trans
4 gauche

29104

2" Color (cm™)
3
8

29096

1,0 1,5 2,0 25 3,0
F"? (V/iem)



6014 J. Phys. Chem. A, Vol. 110, No. 18, 2006

10a

Figure 6. Vibrational motion drawings of the;$ntermediate vibronic
states used for recording the ZEKE-PFI spectrarafs-benzocaine
(Figure 9).

activity is related to the 9 combination bands. At lower
energy, only the ethyl group; vibration is barely identified.

(A detailed description of the normal modes of the species
studied in the paper is available upon request from the authors.)

The ph-COOEt stretchingg vibration is also very active.
A considerably different picture is observed if 6at (548

cm ) is taken as the intermediate state. In addition to the very

low intensityvs andvg bands at low energies, a strong band at
535 cnT! comes out, assigned to 18h and another at 601
cm™! is associated with 6a. The last band has a number of
shoulders. Apparently, the closel6and 168 normal modes
(separated by 16 cm) are highly coupled in the;State. Most
likely, the coupling takes place through the ethyl group
vibrations (Figure 2). Also a small band to the blue of thg"6a
is identified as the 64.

Two additional features were identified in the spectrum with
S6d as intermediate state; assigned to id6leombination

bands. The low-intensity background extending along the

Aguado et al.
S Intermediate
vibrational state 10a,
103]_\-"|
Dy /
10a' ' | M |
6a; —
6b,
pd(NH;) ?
6b'
]6h| 6&11
16b+ vy
6b, (
l6b+v
6! Vs Ve / v
9b, 9b1tVs  9b+2v,
o |
‘)h,+\.r{j:b1 Vi 9bytvetl6a
¥z )
9 Dy \éb]—v; Ob,+16a /
MJMMMN i A
Vs ‘ 2vg 3y
‘ [ 16a, 6b,; VetVay
Dy J | Jl
Vv )
6 A A A .,AIL " A A
Di]
V]Il
\l|6dl Va1
V. o
o I K V5 1ga, 92
0 |
L LR L B A oy T Ty Iy Ty Ty L
0 400 800 1200

Wave numbers (cm‘1)

Figure 7. ZEKE-PFI spectra ofransbenzocaine recorded using S

0% S vet, SI9bY, S, 64, S, 6bY, and S 104 as intermediate states. The
assignment of some significant bands are labeled. The gray region of
the spectra is a blind region of our BBQ crystal.

spectrum suggests that an intramolecular vibrational energy As mentioned above, a plausible explanation for the appear-

redistribution (IVR) is taking place in the ;Sstate. The

ance of an intense background is the presence of an IVR process.

background increases in intensity when higher energy vibrations Some authors have described similar behaviorpforpropy-

are used as intermediate states. For example, for;tGe' State,

IphenoP® and p-n-propylaniline?® Li et al. reported that the

three bands over an intense background become visible. Of thesdransition through §1' intermediate state in the MATI spectrum

bands, the highest energy one is identified as the;aiot far
from it is the 6a* and a lower energy band that is difficult to
identify. With the aid of the computed normal modes at the
UB3LYP/AUG-cc-pVDZ level, the band is assigned to the
torsion of the ph-NH bond ((NH)). However, the band
appears at much lower energy in thestate, and therefore, it
is very unlikely to be coupled to the Elmode. Certainly the

of trans pn-propylphenol cation results in a broadband absorp-
tion extending over ca. 1500 crh and several resolved
transitions. However, the same spectrum, but recorded using
any other $ vibronic level with less internal energy as
intermediate yielded a well resolved spectrum. They concluded
that thep-n-propylphenol has an IVR upper limit at 810 ch

i.e., close to the energy of the mentioned vibration. Similarly,

assignment is tentative, because it only relies on the comparisornthe lower energy Svibronic state that yields a broad spectrum

with the DFT calculation.

in trans benzocaine is located 548 ¢nabove the origin, and

The upper-most spectrum in Figure 7 is obtained with the the change in shape of the spectra usipgil®onic states above

$110& (798 cntl) vibronic level as intermediate state. It

and below the mentioned vibronic level is not as severe as in

includes a vertical transition and a broadband absorption. Also ref 25.

Dy is present with very low intensity. No significant increase
of the background has been observed.

It is expected thap-n-propylaniline has a closer behavior to
benzocaine thap-n-propylphenol. Song et &f. performed a
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