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Abstract

The structure and low-frequency vibrations of jet-cooled molecules of diphenyl ether are studied with the resonance-enhan
two-photon ionization technique. The origin for the & S transition is assigned at 35,873 thand, within 400 cm?,
the vibrational progressions suggest the existence of different conformations proposed for this molecule. A potential ener
surface for the ground state, obtained with the use of group theory, is checked against the conformational energy surface gi
by molecular mechanics simulations. (Int J Mass Spectrom 221 (2002) 107-115)
© 2002 Elsevier Science B.V. All rights reserved.

Keywords: Conformational analysis; Diphenyl ether; Photoionization; Group theory

1. Introduction with the C—O-C ether plane. The energy differences
between the conformations are brought about by the

The studies of conformational and internal ro- balance between electronic stabilization and steric re-
tation characteristics of bridged-phenyl molecules pulsion. Experimentally, those studies were carried out

PhpX like, for example, stilbene (X= CH=CH), in the liquid and solid phases and the obtained spec-
diphenylamine (X= NH) and diphenylether (% O) tra show inhomogeneous broadening and vibrational
have gathered the attention of many chemj$tsl O] congestion. Environmental effects from the complex

interested in the description of the dynamical pro- interactions of the molecule with the solvent also

cesses of such compounds. From the investigationsbring additional difficulties on the interpretation of

on diphenylether (DPE), a floppy molecule, concern- the results.

ing the preferable conformations it was concluded  These restraints were removed as we studied in the

that the planar configuration corresponds to the high- gas phase isolated molecules seeded in a supersonic

est energy conformation. There are four well-defined expansion and probed the low-frequency motions in

conformations proposed for DPE (SEg. 1). an electronically excited state, using a high resolution
These conformations vary in the angles between laser system. The reduction of spectral congestion due

the planes of the phenyl rings with one another and to the expansion cooling resulted in sharp, well re-

solved features which allow the identification of differ-
* Corresponding author. E-mail: asp@mail.fct.unl.pt ent stable conformers. We performed a conformational
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Fig. 1. Schematic diagram of the diphenyl ether molecule. The
rotation of the phenyl rings is specified by the internal coordinates
¢1 and ¢s.

analysis for the ground state by calculating the po-
tential energy as a function of the torsion anglas
and ¢> with a molecular mechanics (MM) method.
A two-dimensional potential energy surface calcu-
lated with an analytical expression from a Fourier
expansion was compared to the MM.

2. Experimental

The frequency-doubled output light of a Nd:YAG
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expansion. The duration of the jet pulse is approx-
imately 50us. The diameter of the nozzle opening
is 350um. A skimmer with an opening diameter of
1mm is used at a distance of 20 mm from the nozzle.

Laser energies for the UV light are typically be-
tween 50 and 30QJ after passing a Newport 935-
3-OPT high-power/UV-variable attenuator with an
attenuation range up to 25dB. A focus size smaller
than 15Qum is obtained with a lens of 16 cm focal
length.

The ions created by two-photon resonance-enhanced
ionization are separated by a Bruker—Franzen reflec-
tron time-of-flight mass spectrometer and the ion
current is amplified by a Johnston MM-1 electron
multiplier. The resultant signal is recorded by a fast
digitizer (LeCroy 9450). A Stanford Research Sys-
tems DG 535 delay/pulse generator is used to trigger
the oscillator and the Q-switch of the Nd:YAG laser
and the pulsed gas valve.

3. Results
3.1. Spectra of diphenyl ether

Fig. 2 displays the lowest 400 cm of the mass

laser (Quanta Ray DCR-3) pumps a tunable dye laserresolved excitation spectrum of DPE obtained by

(Spectra Physics PDL3) that gives pulses of 6ns
width which are frequency-doubled in @BaByO4
crystal. The bandwidth of this system is estimated to
be 0.15cm?. To separate and isolate the second har-
monic we use a set of Pellin-Broca prisms. The dye
used for excitation and ionization is rhodamine 575
and, after frequency-doubling, the photon energies
cover a range from 4.40 to 4.55eV. Samples were
heated atc40°C and a pulsed supersonic valve from
R.M. Jordan (model C-211) was used to entrain the
vapor in Ar at 1.0 bar (1.910° Pa) and expand it into
the vacuum of the ionization chamber. The expansion
jet is intersected at right angles by the laser beam,

collecting the ion signal at mass 170 as the laser
wavelength is scanned. The origin transitions for three
conformers are the transitions from the ground state
(So) to the lowest vibrational level in the electron-
ically excited state (§. This low energy vibration
corresponds to a hindered rotation of the phenyl
groups relative to the ether plane. The lowest energy
feature is found at 35,873 crh and is assigned to
the electronic origin. In order to determine if the
clearly resolved features arise primarily from cold
isolated DPE molecules, or from hot-band transitions,
or from van der Waals clusters with the carrier gas,
we proceeded as follows.

80 mm downstream of the nozzle, where the pressure Attempts were made to reduce the cooling effi-

in the source is typically 16 Pa. Sample molecules
are rotationally and vibrationally cooled due to col-
lisions with the argon atoms during the adiabatic

ciency by changing the stagnation pressure and vary-
ing the delay between the pulsed valve and the firing
of the Nd:YAG laser; however, these didn’t bring any
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Fig. 2. Resonant two-photon ionization spectrum of DPE from 35,857 to 36,28Y.cthe supersonic expansion used argon as the carrier
gas at a backing pressure of 1.0 bar. The electronic origin is assigned to the peak at 3587Bmspectrum was recorded by collecting
the ion signal at mass 170 as the dye laser wavelength was scanned.
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Fig. 3. Wavelength scan around the electronic origin. (A) A scan monitoring ion mass 170 shows a small peak at 35,867 arder

to know if this feature arises from isolated DPE molecules or from van der Waals molecules a scan monitoring ion mass 210 (Ar-DP
complex) was performed in (B). Since there is no resonance at the electronic origin, that peak is a fragmentation product from the clust
resonance at 35,857 cth
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evidence for hot-band transitions. For a van der Waals Table 1
Transitions in the excitation spectrum of diphenyl ether

complex to contribute to the MRES, it would have to

fragment to form a signal ai/z = 170. Collectingthe  Transition Vibrational Assignment
: : . frequency energy
ion signal atm/z = 210 (Ar-DPE cluster) and scan- - &
. - . . . (em™) (em™)P
ning the excitation laser we get information of possi- 35873 0 10
ble resonances of that compléxg. 3A shows ascan ;... 58.5 0
around the electronic origin where the frequencies are 35944 70.7
corrected for the refractive index of the air. Indeed, 35956 82.8 A(AJ+828)
the small peak at 35,857 cth for ion atm/z = 170 35964 911 BY
. .. . 0
is a fragment product originating from/z = 210 35998 125.6 Co
as denoted by its resonance at that energy and not36014 1al.4 88+585
seen at the origin frequency 35,873th(Fig. 3B). 36036 163.2 49
. - 36043 169.7 B3(BY +786)
After having ruled out the contributions from van
N 072 199.6 8B+ 2 x 585
der Waalg clusters and the hot bands, the wbrapgnal 36075 202.5 CL(C8 +76.9)
progressions can be assigned based on the origin ofzgggs 221.7 8B+ 78.6 + 585
transitions for different conformers (s&able J). 36101 228.2
36113 239.9 8B4+ 2x 786
. 3 p2
3.2. Phenyl torsions 36121 248.3 Ao Bo
36130 257.5 88+ 3x 585
. ) o . 36150 276.8 8B+ 769+ 2 x 585
Diphenyl ether is a non-rigid molecule with large 36153 279.7 2
amplitude movements which account for the conver- 36170 297.5 8B+ 2x 786+585
sion between isoenergetic configurations. The spec- 36175 3017 28284769+ 585
troscopic features of this molecule can be explained 36180 306.6 3828+ 585
; o 36185 312.1 7%+ 4 x 585
using group theory of non-rigid molecul¢s3]. 36188 314.8 8B+ 786+ 2 x 585
Considering the two-fold rotational properties of 36197 324.5 B}
each phenyl ring, the equivalence of the rotors and the 36203 329.7 A3
invariance of the energy with respect to a simultaneous 36206 333.1 X 786+3x 585
exchange of the sense of the rotations, the restricted36228 3554 <
g ' 36237 364.3 3 828+2x 585
non-rigid group takes the form 36239 366.2 & 769+ 585
_ / 36242 369.1 7®+5x 585
GmRre = [C2 x Co] X [W x V], 1) 36248 375.1 8B+ 5x 585
- . 36251 3785 8B+ 3x 786+ 585
wherexindicates direct product. Th&, andC/2 are the 36253 380.1 Hox +
two-fold rotation subgroups of each rotor adand 36255 381.7 % 828+ 2 x 786+ 585
V are, respectively, the exchange and double switch 36264 390.9 2¢786+4 %585
: 36268 395.4 8B4 786+ 4 x 585
subgroups characterized by 26270 3972 8B 1 4 786
Co =[E+C, 2 36281 407.7 & 585
2=+ @) 3628 4117 3 786+ 3 x 585
W = [5 + W] (3) 36287 414.0 Ag
2The frequencies are corrected for the refractive index of the
V= [5 + V], (4) air.

b Measured relative to origin at 35,873¢h

where the operator§, C, W andV are defined as
Ef (@1, 92) = f(¢1, p2), (5)
Cof (i) = f(di + ), (6)
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WL (d1, ¢2) = [(d2, 1), (7) We may recognize immediately that the energy is con-
stant, with respect to a simultaneous change of the
VI(¢1, ¢2) = f(=¢1, —¢2). (8) sense of the rotation, due to the non-existence of odd

terms in the expansion. We will use an approximation
keeping just the terms with, [ = 0, 1 (its validity will
be checked later):

The final result is a group of order 16,6, with no cor-
respondence in the theory of point groups. The char-
acter table for this group presents 16 non-degenerate
irreducible representations.

The potential energy functions for internal rotations V(#1, $2) = 2Veoo + Ve10(COS 21 + €OS %2)

are usually expressed as a product of free rotor func- + Ve01(COS 2p2 + C€OS 2p1)
tions[14]: + V,11(COS 2p1 COS 2p2
+ COS 2h1 COS 2h2)
V(1. ¢2) =Y > (Aiycosi¢1cos/ ez . .
I 7 + Vi11(Sin 2p1 Sin 2p2
+ Bjjcosi¢isinJd¢o + sin 2p1 sin 2p7), (13)
+ Ciysinl ¢y cosJ oo .
) ] and, for convenience, we take
+ Dy3sinl¢y sind ¢o). (9)

—1 — 1
Applying the projector technique to each term in the '<00= 20, Vero = Veor = 3V2,

expansion Eg. (9) we get the basis functions of the Vc11= V12, Vo1 = 3V12.
irreducible representations of the group that contains
all the symmetry elements that convert any DPE con-
formation into all equivalent conformations:

Thus, the potential function takes the form

V (g1, ¢2) = Vo + Va(COS 2p1 + COS 2p7)
+ V12C0S 2p1 COS 22
— V], sin 2p1 sin 27, (14)

whereX;(R) is the character corresponding to a sym- \yhere the constant terii is a scale factorVs af-
metry operatioriR. Amongst the unnormalized func-  fects the barrier to internal rotation and, and Vi,

1 16
Pj = EXR:Xj(R)R, (10)

tions we get when bothand/ are .multiples szg = are, mainly, constants to shape the potential energy
2k andJ = 2I) a totally symmetric representation: wells. Smeyerg19] has called the term iV}, the
COS Z b1 COS Iy + COS by COS E b, cog—whgel effect because it reflects Fhe energy
Xaga, = change if the rotors move together or in opposite
sin Zk¢1 sin ¢ + sin 2¢1 Sin 2keo. senses.
(11) Introducing the symmetry coordinates:
From this representation we can write the potential 5, — %((/)1 + @), (15)
function as a linear combination of the symmetry basis
vectors. This leads to So = 3(¢1— 2), (16)
e the potential ion b
Vg, ¢o) = Z Z[VckI(COS %y cOS Ay e potential energy expression becomes
k=0 1=0 1
+ oS ¢y cOS Zp) V(S1, 82) = 5 Vo + 2V, €c0os 251 €0s 257
1
+ Vad (sin Zk¢y sin 2¢p + 5V12(€0S 451 + C0S 4S))

+ sin 2¢ sin 2%eo)]. (12) — 3Vi5(C0s 451 — cOS 45y). 17)
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4. Discussion

A way to assign features in an electronic spectrum,
due to different conformations of the molecule, is to
check for different responses to power saturafidsj.

The intensity difference of two lines in the spectrum,
involving transitions from a common initial state, is
due to different transitions strengths (Franck—Condon
factors). As the power is increased the stronger line
will saturate first, and the relative intensity of the
weaker line will increase. When different initial states
are involved we have two possibilities: if it is just a
matter of different Franck—Condon factors, the behav-
ior with the laser power will follow the pattern de-
scribed above; but if there is a difference in population
of the initial levels (different conformations) in the
limit of saturation, the two lines will still have different
intensities. Assuming the frequency for the 0-0 band
to be at 35,873 cm', denoted as48 in Table 1 the
second member of the progression for this conformer
A is 82.8cnr! higher. Similarly, for conformers B

and C, the difference between the second and the first

term of the progressions give the vibration frequen-
cies 78.6 and 76.9 cni, respectively. The feature at

58.5 cn! may be identified either with a torsion mode
or a ring flap mode. According to previous studies for
biphenylic compound§l16-18] active modes falling

in the 60cnT! range have been considered a con-

sequence of torsional motion. In our measured spec-

tra there is no manifestation of a progression having
58.5cntt as a fundamental mode and without further
studies, we can not disregard the ring flap possibility.

Besides the three well distinctive progressions the as-

signment of almost all of the left transitions may be
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not the most probable one. Nonetheless, the absence
of extensive progressions implies some similarity in
both ground and excited potential surfaces. Moreover,
the anharmonicities shown in the torsional spacings
indicate that in a double-potential well model for the
excited state the barrier should not be too high.

A picture for the ground state potential surface may

be obtained by molecular mechanics (MM) calcula-
tions. The MM program used here is PCMODAgLL].
This program makes use of the molecular mechanics
approximation where a molecule’s energy is taken as
the sum of several contributions, including those due
to bond streching, bond bending, van der Waals at-
tractions and repulsions between non-bonded atoms,
electrostatic interactions due to polar bonds and en-
ergy changes accompanying internal rotation about
single bonds. The equilibrium geometry is reached
by letting the molecule relax to its energy minimum.

In Fig. 4the conformational energy surface for the
ground state of DPE is represented as a contour map
in the intervals 0 < ¢ < 180°, 0° < ¢» < 180°.

Four distinct conformations can be identified: (1)
the coplanar structure, with both phenyl rings and
the C-O-C triangle in the same plane, has an energy
6.7 kcal/mol ¢-2300cnt1) above the minimum; (2)
the “gable” conformation, when both phenyl rings are
perpendicular to the C—O—-C plangi(= ¢2 = 90°),
has a relative energy of 1.6 kcal/met%49 cnt1); (3)
in the “skewed” conformation the two phenyl rings are
in orthogonal planes to each othef; (= 90°, ¢ =
0°) and have an energy of 0.4 kcal/met136 cntt)
above the minimum; (4) the minimum energy confor-
mation, “twisted,” is found at = ¢» = 45°.

The high energy of the coplanar conformation can

credited to overtone and combination bands. The peaksbe seen as arising from the repulsion between the or-

at 70.7, 228.2 and 380.1 cthremained unidentified.
The intensity pattern of the frequency progressions

at 82.8, 78.6 and 76.9 cm, based on the origin tran-

sitions for different conformers, indicates that DPE

tho hydrogen atoms. On the other hand, the change in
energy going from the “twist” to the “skew” forms is
very small. There is a stabilization due to the conjuga-
tion of themr-electrons upon the oxygen atom with one

undergoes some change in the coordinates of theseof the phenyl rings but, probably, the skew form has
vibrations upon electronic excitation. In fact, the en- a steric hindrance between the ortho hydrogen atom
velope of the torsional progressions suggests that theinside the C—-O-C angle and the opposite phenyl ring.
transition from the minimum of the potential curve in  Apparently, in the “gable” conformation the conjuga-
the ground state to the minimum in the excited state is tion of oxygen with the phenyl rings is not very strong.
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Fig. 4. Molecular mechanics conformational energy map for DPE in the ground electronic state. Energy values on the contours are
kcal/mol and angle values are in degrees. For a definition of agglesd ¢, seeFig. 1

It is worth noticing the low energy region surround-
ing the minimum. The flatness and size of that region
give information of how populated that conformer is
at room temperature. According to Ruoff et HIZ2],
due to the rapid cooling in the adiabatic expansion, the
equilibrium concentrations of the different conformers
at the temperature of the valve before expansion are
preserved if the barrier to internal rotation is greater
than about 1.1 kcal/mol~400cnT?!). From Fig. 4
we infer that interconversion between equivalent min-
ima may occur involving transition states around the
¢1 = 90°, o = 0° form, with an activation energy
of 0.4 kcal/mol. Transition states with a “gable” struc-
ture would need about 1.6 kcal/mol which make them
less probable paths for interconversion. Using the en-
ergy values for the conformations, as given by MM, ) ] ) )

Fig. 5. Simulated two-dimensional potential energy surface for the

and fitting inEq. (14)we have Optameq’ as pOtentlal_ phenyl torsions of the Sstate of DPE. The lower contour closely
energy parameters for the two-dimensional surface in resembles the MM conformational map output.
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Fig. 6. Potential energy surfaces for in-phase (solid line) and out-of-phase torsions (dashed line).

the $ state, the following values: ther the 78.6 or the 76.9 chh modes. The fact that the
two conformations A and B have a common band at
248.3cnm! may indicate a chance of interconversion
Vip =651 V), =—635cm L. between them and which we know is possible between
the “twisted” and the ‘skewed’ forms. Accordingly,
conformer C is attributed to the “gable” configuration.

Vo =787, Vo = 444

In Fig. 5the corresponding two-dimensional potential
energy surface and respective contour are displayed.
The phenyl torsion analysis, described earlier, gave for
the ground state potential surface an energy minimum
for the torsion angleg1 = ¢2 = 55° which are a bit 5. Conclusion
higher than the region minimum (4G< ¢1, ¢2 < 45°)
found with MM. We have examined the vibrational progres-
Fig. 6 shows slices of the potential energy surface sions of the high resolution spectrum of jet-cooled
of Fig. 5taken along the diagonals, which means vari- molecules of diphenyl ether and assigned the origin
ation along the symmetry coordinat§s andS,. The at 35,873 cm’. Most of the spectrum features were
in-phase & = 0) and out-of-phase$ = 0) torsions identified and the intensity pattern shows three dis-
exhibit quite different curves. The in-phase torsion tinctive progressions based on different conformers.
shows a steeper wall and is expected to correspond to The potential barriers for internal rotation of the
a higher frequency. But both indicate 2326¢has phenyl rings have been determined for the ground
the energy value for the barrier to simultaneous phenyl state and a two-dimensional potential surface shows
torsion. Assuming that the potential surface for the ex- an energy minimum in good agreement with the liter-
cited state wouldn’t change dramatically, according to ature but higher than the one obtained with the group
the absence of extense progressions, we may say thatheory treatment of the phenyl torsions. This differ-
the in-phase torsion is responsible for the 82.8¢m  ence is, probably, due to the fact that we didn’t take
fundamental and the out-of-phase ring torsion for ei- the C—O-C angle in account.



A.C.S Paiva et al./International Journal of Mass Spectrometry 221 (2002) 107-115

References

[1] J.L. Whe-Chiang, J. Chem. Phys. 100 (1994) 8755.

[2] S. Yan, L.H. Spangler, J. Phys. Chem. 99 (1995) 3047.

[3] T. Troxler, M.R. Topp, B.S. Metzger, L.H. Spangler, Chem.
Phys. Lett. 238 (1995) 313.

[4] M.G.H. Boogaarts, G. von Helden, G. Meijer, J. Chem. Phys.

105 (1996) 8556.
[5] K.S. Pierce, A.K. Wisor, M.R. Hoffman, J. Mol. Struct.
Theochem. 306 (1994) 213.
[6] B. Uno, T. Kawakita, K. Kano, K. Ezumi, T. Kubota, Bull.
Chem. Soc. Jpn. 65 (1992) 2697.
[7] 1. Baraldi, E. Gallinella, F. Momicchioli, J. Chim. Phys. 83
(1986) 653.
[8] J.P. Bowen, V.V. Reddy, D.G. Patterson Jr., N.L. Allinger,
J. Org. Chem. 53 (1988) 5471.
[9] M. Feigel, J. Mol. Struct. Theochem. 366 (1996) 83.
[10] T. Strassner, Can. J. Chem. 75 (1997) 1011.

115

[11] U. Burkert, N.L. Allinger,
Monograph, No. 177,
Washington, DC, 1982.

[12] R.S. Ruoff, T.D. Klots, T. Emilsson, H.S. Gutowsky, J. Chem.
Phys. 93 (1990) 3142.

[13] Y.G. Smeyers, Introduction to group theory for non-rigid
molecules, in: P.-O. Léwdin (Ed.), Advanced Quantum
Chemistry, Vol. 24, Academic Press, New York, 1992, p. 1.

[14] Y.G. Smeyers, M.N. Bellido, Int. J. Quantum Chem. 19 (1981)
553.

[15] T.R. Rizzo, Y.D. Park, L.A. Peteanu, D.H. Levy, J. Chem.
Phys. 84 (1986) 2534.

[16] Shin-ichi Kamei, T. Sato, N. Mikami, M. Ito, J. Phys. Chem.
90 (1986) 5615.

[17] K.W. Holtzclaw, D.W. Pratt, J. Chem. Phys. 84 (1986) 4713.

[18] R. Zimmermann, C. Weickhardt, U. Boesl, E.W. Schlag, J.
Mol. Struct. Theochem. 327 (1994) 81.

[19] Y.G. Smeyers, Adv. Quantum. Chem. 24 (1992) 5.

Molecular Mechanics, ACS
American Chemical Society,



	A REMPI investigation of the minimum energy conformations of diphenyl ether
	Introduction
	Experimental
	Results
	Spectra of diphenyl ether
	Phenyl torsions

	Discussion
	Conclusion
	References


