Electronic Spectroscopy of Biphenylene Inside Helium Nanodroplets
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symmetry labels.) The observed vibronic progressions in the (W=
S manifold belong to @ symmetry modes, riding on false 2u
origins of by, symmetry. Although Zimmerman did not provide 10+
a quantitative analysis for peak intensities, Marconi calculated
vibronic and Franck Condon tern® and compared them to
glass matrix spectra taken by Hertzberg and Niéké?. A
simplified calculation for peak intensities will be presented here.
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2. Experimental Section

Bolometer Signal (uV)
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The experiments were carried out on the Princeton droplet
spectrometer, which was described in detail previotkBriefly, 27
the spectrometer consists of two differentially pumped chambers
evacgated by oil diffusion. pumps. The source chamber has a 025;00 26100 SEE0D 28900 . >7700
10-micrometer nozzle, which is cooled down to 17 K by closed Wavenumbers (cm™)
cycle refrigerators. Ultrapure (99.9999%) helium gas under
750 psi (50 Bar) pressure is expanded into vacuum to form
clusters with an average size 66500 atoms/drople® The
beam passes a 3%0n skimmer, about 1 cm downstream, as it TABLE 1: Comparison of REMPI and HENDI Line
enters the detection chamber. In this chamber, there are 3 pickug>ositions (cnt?), Shifts (cm™), Intensities (Relative to the
cells, which are used to dope the droplets with the species under?:‘r,jlonnsgil,fosrt1 zlgaBlf),hzér:]dh\a/r:t;ronm Assignments for the 5-S
study. Two of the pickup cells are ovens, the third one is for pheny

Figure 1. S—% transition spectrum of Biphenylene inside helium
droplets.

gaseous or high vapor pressure liquid species. BP (99%, Aldrich) HENDI  REMPE” _ shift  rel. int. assignment
is loaded into one of the ovens and heated%—60 °C) until 25691.5 8.8 wsg (b
its vapor pressure is around ¥0Torr. The doped droplets ~ 25726.3 30.0 vag(hay)
interact with the laser in a multipass cell, which is composed 26131.8 304 v35(b2)
i . : 26161.6 26180 —18.4 100.0 wvas(ba)
of two flat high reflector mirrors separated by spacers with a 5¢ 4655 93
wedge. The wedge causes, with proper alignment, the laser beanpg 476.8 13.2 vag(ba) + ve (ay)
to exit the vacuum chamber at the location it first enters, after 26 538.1 20.3  w3g(l2) + 2 v10(3y)
passing the molecular beam approximately 30 times. The 26566.6 26583 —16.4  89.2 wvss(bay) + vio(ay)
detector is an optothermal bolometéwyhich monitors the flux gg gg%-é 12-3 vas(bzo) + v7(ag)
of the droplet beam. The bolometer has a specified noise 26 882 2 134 v (Do) + o (
. ; . . 36 (O2y 9(8g)
equivalent power of 0.13 pW/Hz, which translates to about g gga.1 219 2
100 nV of noise under experimental conditions, which can be 26911.9 26929 —-17.1  36.8 wvas(ba) + vo(ay)
compared to a chopped beam intensity~af3 mV. Because 26 937.2 8.3
BP is a nonfluorescent molecule, when it relaxes from the 26941.1 9.0 vas(bay) + 2 v10(ag)
excited-state, it deposits all of excitation energy into the droplet %673 %8'8 26986 —154 2?% vas (D2) + 2v10(3)
causing evaporation and shrinking in size. The bolometer detects ;7 5145 8.0
the depletion in beam flux when the laser is on resonance with 27 293.4 27309 —-15.6  37.1 wvas(ba) + v7(ay)
an electronic transition. The bolometer signal was amplified first 27 301.5 236 ?
by a cold J230 JFE¥. then by a Stanford SR550 preamplifier, 27 317.0 20.1 vss(bzy) + v10(ag) + Vo (ay)
and finally demodulated by a Stanford SR510 lock-in amplifier. 27 321.8 11.3
. . . 27 345.1 8.0 Vgs(bZU) +3 'Vlo(ag)
The laser was a frequency doubled Ti®¢ setup, which is 273735 27389 —155  10.7 wss(bay) + 3vi0(ay)
a modified Indigd? system running with the Littman cavity 27 620.5 11.6

design. The Indigo is pumped by an Evolution®3@G diode

pumped intra-cavity frequency doubled Nd:YLF laser. An angle transitions was calculated at the TD-B3LYP level. The Gauss-

tuned LBO crystal generates the second harmonic of the laserian03 package was used to carry out the calculafibns.

light. The laser cavity and the LBO crystal are tuned by stepper

motor driven mounts, which were added to the system. The laserz. results

can scan about 2000 crhin the second harmonic region with

a bandwidth less than 0.2 cth The average pulse energy was Monomer

about 150xJ, and the pulse width was10 ns. The laser The HENDI §—$, spectrum of BP, presented in Figure 1,

fundamental wavelength was monitored by a Burleigh WA- is similar to previously reported REMPI spectra. The peaks

4500 wavemetet The frequency calibration was achieved with around 25 750 cmt were previously assigned to hot band

a7 cnt! free spectral range Etalon and a¥e hollow cathode transitions by Zimmermanfl. The occurrence of these peaks

optogalvanic lamp. The laser repetition rate was 1 kHz, but due in HENDI spectrum rules out the hot band assignment because

to the limited frequency response of the bolometer, we at the temperature of the droplets there are no thermally

modulated the light intensity at 250 Hz with a reflective chopper. populated excited vibrational states.

The reflected pulses were used to monitor the power of the laser The list of peak positions, assignments and comparisons to

during scanning. The control of the laser system and data explicitly tabulated REMPI peaks, is presented in Table 1. The

acquisition were performed with a PC running a custom program shifts from the gas-phase positions are simitar-(L6 cnT?)

written in Labviews® for different vibronic bands, which all involve excitations gf a
Normal modes were calculated at B3LYP and RHF levels in modes built upon a false origin of moadgs (bzy).

the ground state and at RCIS level in the first excited-state with ~ Although the theory for HerzbergTeller allowed transitions

a 6-31H-G(d, p) basis set. The oscillator strength of the is well established’ practical calculations have been limited
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to a couple of molecules. A computer code, HOTFCHT, has
been developed to calculate Frarckondon and Herzberg
Teller integrals$® This code has been applied to spectra of
benzene and pyrazirféanthracene, pentacene, pyrene, octatet-
raene, and styrerf@.Alternatively, cumbersome calculations
involving polynomial expansion of electronic transition dipole

moments along normal modes have been carried out for benzene,

formaldehyde, acetone, and formic aéfdnstead, a simplified
approximation is preferred here to calculate the intensity
distribution.

The intensity of an electric dipole absorption transition
between two vibronic states(d,Q)Cand|x(q,Q)Lis proportional

to the product of the transition frequency and the square of the

transition electric dipole moment. The transition dipole moment
can be written as

M. ~ B (Q B (G.QIM(G.Q) 16, T, (L=
F QM Qs (AT (D)

where|yi(@,Q)Tor [1m(@ Q)Tand |y, (Q)or |xm.(Q)Tare the
final (k) and initial (my) electronic and vibrational states

respectively. Mn(Q) is the electronic transition dipole moment,
and gandQrepresent the electronic and nuclear coordinates.

The electronic transition dipole moment can be expressed as

a Taylor expansion around the equilibrium position

aI\_/blkm(é) 0
—5 . Q,~ Q) + ..

v )

where N is the number of vibrational degrees of freedom.
Truncation at the first term yields the Frane€ondon ap-
proximation

N

My Q) & My Qo) +
k k 0. ,]Z\

M & Mign (Q0) (@) 1, (DT 3)

which ignores the dependence of electronic transition dipole
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Figure 2. Experimental and calculated spectral intensity of the
Biphenylene $-% transition.

ground vibrational states of the ground electronic state are
involved in the transition, only the second term of the sum is
nonzero. The FranekCondon integrals are evaluated using the
MolFC code kindly provided by Dr. Borrelfit The product of

the derivatives and HerzberJeller integrals are divided by

the square root of the reduced mass of each mode, as provided

on nuclear coordinates. Because eq 3 is zero for the forbiddenpy the Gaussian code, thus finally reaching units of dipole. The

S,—% transition of BP, the second term is used to calculate
the intensities.

N
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The derivative of the electronic transition dipole moment is
estimated by TB-DFT/6-31G calculations at slightly displaced
nuclear coordinates for eachpybmode. The result of the
calculation is rescaled by the factor used for displacing the
nuclear coordinates, typically 1%. The integral in eq 5 is
estimated using the properties of ladder operators of N-
dimensional harmonic oscillator:

A 15 h r
@'Q,lv1= /Z [VV, @' vy, — L
"
Vot 10" vy, + 1,0\ (6)

which converts HerzbergTeller integrals into a sum of
Franck-Condon integrals of the typel|1>. Since only the

n

intensity distribution for the @mode progressions starting at
each false origin is calculated with the MolFC program.

A comparison of the observed;SS spectra with the
calculated relative intensities is presented in Figure 2. The
wavenumber of the excited-statg, librational modes are scaled
so thatvss matches the experimental value. For thenmades
of the electronic excited state, experimental values are used.
The agreement is very good even though higher order terms of
the Taylor expansion and anharmonic effects are neglected. The
feature assigned as a hot band by Zimmerman is a false origin
built on mode 38.

A comparison of the normalized,bintensities with the
previous calculatioff together with graphical representation of
the normal modes is presented in Table 2. The geometry change
induced by the first two modes is similar to the change due to
the electronic excitation, shortening of the benzebenzene
distance and elongation of the benzene moieties along the short
axis. The frequencies of the modes in thestaite are calculated
at the RCIS level and scaled to match the experimentally known
values.

Dimers. Increasing the pick-up cell pressure causes multiple
pickups by the droplets and consequent clustering. BP clusters,
mostly dimers judged by the pressure range at which the
measurements were carried out, show up as broad peaks to the
red of the main sharp peaks. The broad peak to the red of the
most intense false origin has a shift-e116 cnt! and a fwhm
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TABLE 2: Relative Intensities of Herzberg—Teller
Transition Origins

b,, [ Calc.” | Exp.” | Exp.Inten.” | Calc. Inten.” | Calc. Inten.® Mode
—
r )
vis | 1622 | 1612 1.00 1.00 1.00
! t
-5 5 Vi V35(bzu)
D~} :
v, | 1561 | 1582 0.25 0.22 oz WA C A 5 V35(b2u)+\’10(ag)
— = : : +
== | é_ B N> via(b,,) + ve(a)
1V

37 R T T

SR ] i 4 : e

[4— N Relative Wavenumbers (cm™)
1176 0.22 0.15 0.01 Vi | 1184 ) . . . . . )
x 7 Figure 4. Expanded view of Biphenylene vibronic transitions with
o

absolute band center positions (dn A, 25726.3; B, 26911.8; C,

0 ﬂ(“

1141 0.04 0.04 0.01 v | 1096 26566.6; and D, 26161.7.
0.00 0.05 Voo | 730
0.01 0.01 Vo | 225

aCalculated gfrequencies scaled tmss frequency of 1622 cnt,
as reported by Zimmermann, in cfn® Experimental $— S excess
term value over Zimmerman's estimated origin of 24 550%im cn 2.
¢ Experimental intensity normalized tas. ¢ Calculated intensity nor-
malized tovss. © From ref 28, calculated intensity normalized itg.

o
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X Figure 5. Spectra of Biphenylene and Biphenylen&r complex
2 aroundvss false origin.
T T T T T d T d T T 1 o
25700 26100 26500 26900 27300 27700 0.7 and 0.9 cm!, respectively, regardless of the excess
Wavenumbers (cm™) vibrational quanta. The phonon wing following the peak to the

Figure 3. Spectra of Biphenylene inside helium droplets with High-€nergy side has a maximum at 4.3¢melative to the
increasing pick-up pressure. first ZPL and it extends about 30 cthto the blue. Although

the shape of the phonon wing is similar to previous observa-

of 56 cnTl. These numbers are close to the experimentally tions ! the amount of ZPL splitting is one of the Iargest values
determined values for naphthalene dind&¢shift, —137 cn? yet reported. For tetracefighere are 2 ZPLs split by 1.1 cth
and fwhm, 128 cmt) and to a lesser extent, anthracene differs Whereas for indole and 3-methyl inddfethere are 3 ZPLs each
(shift, =507 cn! and fwhm, 190 cmt). The smaller shiftand  split by about 2.0 cm?.
narrower peak width could be attributed to the large geometrical Van der Waals ComplexesThe van der Waals complexes
change of BP, which would reduce the interaction of the dimers are created inside the droplets by consecutive pickup of BP from
in the sandwich configuration. The absence of sharp dimer peaksthe oven and argon or oxygen from the gas pickup cell. The
in the spectrum argues against a T-shaped georffetry. spectrum of BP-argon complex near the false origip is

ZPL and Phonon Wings. The blow up of several monomer presented in Figure 5. Two different peak groups are assigned
vibronic peaks, Figure 4, shows two sharp zero phonon lines to the complex: the more intense doublet-at4.1 cnt! and
separated by 2.4 cm with intensity ratio of 3:2 and fwhm of  the weaker doublet at19.5 cnt! relative to the false origin.
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Both of these peaks belong to the 1:1 complex because their
intensity changes at the same rate with argon pickup pressure.
It must be emphasized that the splitting of the ZPL is retained
for both complexes unlike for the dominant tetracene-argon
complex inside helium nanodroplét8.For the more intense
complex peaks, the ZPL splitting increases from 2.4 to 2.7'cm
The stronger of the ZPLs preserves its width (fwhm 0.58m
whereas the weaker ZPL is slightly broadened (fwhm 1.2'gm
On the other hand, for the weaker complex peaks, the splitting
increases to 3.0 cnt and both ZPLs are slightly broadened
(fwhm 0.95 and 1.25 cr¥). The weaker doublet is blue-shifted
from the more intense complex peak by about 25 tm
Although our calculations indicate that the frequency of argon
out-of-plane vibration is about 16 crh (using the potential
energy surface presented in the discussion section), we cannot
definitively assign this weak feature as such, because this type
of vibrations were not observed in tetracene-argon complex
inside helium droplets which was attributed as due to a damping
effect of the droplet.

It is perhaps useful to compare our results on the Ar-biphenyl
complex with those previously obtained for the Ar-tetracene
complex?® There, two sets of peaks were also observed, a
stronger one with a red shift 6£38.4 cnt?, and a much weaker
pair of peaks with a shift of the stronger component of T T T T T T T T T
—9.2 cnT?, which are less than we have observed for BR4.1 -80 -60 -40 -20 0 20
and—19.4 cnr! shifts respectively). In the tetracene case, the
stronger Ar complex has thel cnt ! ZPL splitting completely
suppressed, for the less shifted case the ZPL splitting increasedigure 6. Spectra of Biphenylene and Biphenyler®, complex
to ~3.4 cnTl. In the BP case, the features due to both BP aroundyss false origin. (Inset) Asymmetric complex peak, the_monomer
complexes have an increase in the ZPL splitting, the first geoégk. anld the monomer peak convoluted with a Lorentzian (fwhm:

i . Js .08 cn1?) are overlapped.
molecule for which we are aware of this happening. In the

tetracene case, the authors assigned the less shifted peaks 38—12 for H—He; 8-14-9 for C—He), which was used by the
due to binding of Ar in the plane of the aromatic molecule, \whaley grouf®to fit Hobza et al’'s MP2 level benzene-helium
largely based on both the reduced shift and the retention (in potential calculatior? This potential predicts global minima
fact, augmentation) of the ZPL splitting. Given that the binding of —66.0 cnT® above the center of the benzene the ring at an
of Ar to BP also produces two solvation features, both of which equilibrium distance of 3.27 A. We scaled the parameters of
retrain the ZPL splitting, the prior assignment appears to be this potential to match the most recent CCSD(T) calculation,
less certain. The upper (and stronger) ZPL of tetracene containedyhich places the global minima of& —89.6 cnrt at 3.16 A

a very small residual splitting that was retained in both of the gpove the center of the rirf.

Ar complexes; unfortunately, our spectral resolution is not  The form of the analytical fit is given in eqs-B. The new
sufficient to have been able to observe this, if present, in the parameters are:_1e=14.54 cnt?, ey_ne=18.25 e, oc_pe=

Relative Wavenumbers (cm'1)

BP spectra. 3.51 A andoy-pe=2.63 A.

The spectrum of BP-oxygen complex near the false origin
v3s5 is presented in Figure 6. Oxygen was selected for study as Oc_peCOSO\14
it is possible for @ to induce rapid intersystem crossing, as Ec_pe(T) = 4€c_11eCOS 9[ R

was exploited by Parmentét.lt was previously pointed out o coso\é
that the resulting reduced quantum yield for emission could be (L) ]
observed in depletion spectroscopy as enhanced signals for IT]

spectral features of ©Ocomplexes® The broad peak at On-ne)2  [O1_e)®

—64.7 cnt! relative to the false origin is identified as the oxygen By n(T) = 4€HHe[( = ) - ( = ) ] (8)
complex. Although a resolved splitting is not observed, the ITl T

asymmetry of the broadened peak (fwkihO cnT?) is con- E N=SE. (F-TFT)+ VY E  (F-T
sistent with convolution of the split ZPLs observed in BP with nenzene te( 1) ,z ol ) ,z ol )

a broadening in the BPO, species. Due to limited time, we 9)

have not attempted to observe complexes of BP with other gases, . i
though it would be relatively straightforward to do so. whered is defined as the angle between the vector f) and
the vector perpendicular to the molecular surface. For selected

points, the values for the modified Lennard-Jones potential and
CCSD(T) calculation are compared in Table 3. The lack of an
In order to explain the peak shapes of BP and its van der azimuthal dependence to the He-atom interactions may be
Waals complexes, it is desirable to have potential energy responsible for the relatively poor prediction of the energy of
surfaces describing the interactions. Since we know oéilmo  the first saddle point. Although the overall agreement is modest,
inito potential for BP-rare gas pairs, we chose to approximate the modified potential is used to model the Bielium
the interaction by extending results of benzenare gas pairs. interaction. It is noted, however, that for BP, the four carbon
We have chosen the angle dependent Lennard-Jones potentiadtoms that make up the four member ring have different bond

4, Discussion



= 2.96 A andD. = —7.68 cntl. Furthermore, employing the
Numerov-Cooley metho#f we could not find a bound state
for a helium atom in the potential well over the 4-member ring.
On the other hand, two helium atoms can be simultaneously
localized over both of the 6-member rings, because the
separation in this case is 3.85 A. In this model, the 4 equivalent
global minima positions can be simultaneously occupied by
helium atoms appearing to leave out the possibility for different
isomers or tunneling as proposed for explaining the ZPL splitting
of tetracene in helium droplefs.

In the case of BPAr system, the more intense complex peak
shifted by—44.1 cnt! from the false origin is most probably
the complex with argon localized over one of the benzene rings.
The weaker complex peak at19.5 cnt? can be assigned to
the complex with argon atom localized over the 4-member ring.
The retaining of the ZPL splitting after complexation with argon
cannot be explained with the current understanding of the source
of the splitting. Although the complexation disturbs the first
solvation shell, the splitting remains almost the same.

The oxygen complex has only one structural isomer, most
probably with oxygen localized over one of the benzene rings.
However, when oxygen binds to the surface on the bond side,
its relative orientation with respect to the ring will give rise to
slightly different potential energy surfaces. The broadening of
the peak could be the result of these multiple “local” isomers,
which smear out the splitting. Alternatively, oxygen can be
speeding up intersystem crossing or perhaps vibrational relax-
ation.

Because the splitting is observed with argon complexes and
that the same splitting could be retained by the oxygen complex
but is lost in the broadening, one has to consider whether the
transition is split for the isolated molecule. The only high-
resolution jet spectrum up to date does not present any close
up structure for peaks, but it does not mention any anomalous
splitting either.

5. Conclusion

We have recorded the SS, transition of BP inside helium
nanodroplets by depletion method. The spectrum is similar to

angles and partners than the carbon atoms of benzene, and thus

transferability of the potential parameters is less reliable for those

parts of the potential where binding to these carbons are most

important.
The same formalism was followed to generate the benzene

argon potential. The parameters of the benzene-helium interac-

tion were scaled to match the CCSD(T) calculation for
benzene-argon interactiot! The parameters used aig o =
60.59 le, €q-ar = 76.05 le, Oc-ar = 3.81 A, andoy—ar

= 2.86 A. A comparison of the modified Lennard-Jones
potential and the CCSD(T) calculation are given for selected
points in Table 4.

Equipped with a BP-helium potential, one can, now, attempt
to explain the ZPL and phonon wing structures of the spectra.
The Lennard-Jones potential of BRelium pair, Figure 7,
predicts two different minima positions over the molecular plane.
Although one of them is located over either of the benzene rings
atR. = 3.21 A with a depth oD, = —82.4 cn1?, the second
one is located over the 4-member ringRat= 3.51 A with De
= —62.6 cnT™. Clearly these two locations cannot be occupied
at the same time since the Hele distance would be 1.95 A,
The He-He pair potential of Azi#? places the minimum &,
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practitioner of the art of molecular beam infrared spectroscopy.
His clean experimental style will remain a standard against

which the quality of molecular beam experiments will be
measured for a long time. We will sorely miss not only his

science but also his ironic, heart-warming smile, and, above

all, his unconditional friendship.
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