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Abstract

Cyanopolyyne molecules, HS and HG:N, were isolated in solutions and UV, IR, and
resonance Raman spectra were measured for theddttlasir electronic and vibrational
properties. Strong signals were observed both enlfhand resonance Raman spectra
for the stretching vibrational mode of the sp-hgltmed linear carbon chain in the
electronic ground statége., 0, at 2141 crit for HGN andog at 2105 crit for HCaN.
Trapped in cryogenic solid acetonitrile matrix Mosat 20 K, transitions in
phosphorescencei®’s" — X'=*, were observed for HfSl at 582.3 nm (0-0) and longer
wavelengths and for HEN at 643.7 nm (0-0) and longer wavelengths. El@edtro
transitions in the UV!s" «— X'=* were elucidated by phosphorescence excitation
mapping to observe asymmetric patterns with shargsston-absorption features
explainable by Shpolsky effects. For &N three distinct trapping sites were
discernible in solid acetonitrile, while the phosptscence spectra were blurred in solid
n-hexane. The observed phosphorescence lifetime@NHwvas longer than that of



HC11N, comparable to the trend reported for the sesfesyanopolyyne molecules in
solid krypton matrix hosts.

I ntroduction

Cyanopolyynes, a series of sp-hybridized lineab@archain molecules terminated by a
hydrogen atom at one end and by a cyano-groupeadttier, H(&C),C=N, have been
targets of spectroscopic investigations both incepand laboratories [1-12].
Rotationally resolved spectra of microwave emissiom widely used for the detection
of the series of molecules and are exploited asohepfor molecular evolutions in
circumstellar shells of red giants or late AGB stas well as in molecular clouds [1-5].
Synthetic cyanopolyynes are accessible in the &bpoy for gas phase spectroscopy and
matrix isolation spectroscopy [6-11]. Photochengistindergoes in inert cryogenic
matrices and is explored to elongate the carbomafacyanopolyyne molecules [7-9].
Recently, phosphorescence of cyanopolyynesNSIEIC;N and HGN, was detected in
solid rare-gas matrices at cryogenic temperaturé #eir vibronic spectra were
obtained as action spectra by phosphorescence ageit [9,10,12].
Methylcyanopolyynes are also target molecules ppecgoscopy [13-15]. Laser ablation
of carbon particles in liquid acetonitrile has opeéra way for production of longer
polyynes and cyanopolyynes in a milligram ordehé&mdle them in organic solvents
under ambient temperature [16-20]. Further staddibin is acquired for
hydrogen-capped polyyne molecules trapped in dw&t environments such as single
wall carbon nanotubes (SWNTSs) [21-23] and polyvialgiohol (PVA) [24].

Increasing interests on carbon species of sp-higlatidn are found in the field of
nanomaterials as well as astrochemistry. The sefieyanopolyyne molecules, now
accessible in the laboratory, are promising modetmounds not only for spectroscopy
but also for building blocks of novel compoundsspthybridized linear carbon chain
species. As the interstellar molecules, the presen¢iGN has been confirmed based
on microwave emission spectroscopy of moleculaatianal transitions [1,3,4], while
the detection of HGN was negated recently by estimating its abunddredew an
expected amount from the extrapolation [5]. Whesythre detected in other spectral
regions by their electronic and vibrational traiosis, the spectral information not only



reconfirms their abundance in space, especially;NCbut also provides data for the

study of photochemical conditions in the interstethedium.

Matrix isolation spectroscopy combined with themadt interpretation based oab
initio molecular orbital calculations has been extengidelveloped as a powerful tool
for thorough studies of photochemistry, moleculéuctures, and intermolecular
interactions of reactive species at cryogenic teatpee [25-27]. We report here
spectroscopic investigations of two cyanopolyyneamely HGN and HG:N in
solutions at ambient temperature, by UV absorptiofrared (IR) absorption, and
resonance Raman spectroscopy. PhosphorescenceaspediGN and HGiN are
measured in cryogenic matrix hosts of solid acétidmi or n-hexane at 20 K.
Phosphorescence excitation mapping is performeddomparison with UV absorption
spectra in the solutions to discuss the presenoeutifple trapping sites and host-guest

interactions in the solid matrices.

Experimental
Sample preparation and UV absorption spectroscopy

Preparation and characterization of laser ablatelgype molecules are described
elsewhere [16-20]. Briefly, cyanopolyyne moleculase formed by laser ablation
(Continuum Powerlite 8010, 1064 nm, 0.5 J/pulse, Hf) of graphite particles
suspended in acetonitrile (Nacalai Guaranteed Reageetonitrile,>99.5 % CHCN)
and separated in size by high performance liquicdraatography (HPLC) [17]. UV
absorption spectra are measured for checking panitiyfor adjusting concentration by
using a spectrophotometer (Jasco V-670). Similarlyhe hydrogen-capped polyynes
[28], cyanopolyynes have molar absorption coeffige of ~10 L mol* cm™
Disregarding vibronic details, interpolated UV atption coefficients ofs ~2.2x10
and ~2.7x1G L mol* cm® are applicable to H{l and HG:N, respectively. For
spectroscopy im-hexane, cyanopolyyne moleculesg, HCgN, are extracted from the
solution of acetonitrile inta-hexane, then residual acetonitrile is removed IR®LE

eluted byn-hexane (Kishida Chameleon Reagent, Hexane, >86%xane).



IR absorption spectroscopy

For IR absorption spectroscopy [20], a few milligsaof HGN molecules are extracted
into n-hexane, concentrated by evaporatmgexane to a volume ef3 mL, and=3 mL

of carbon tetrachloride, C&lis added then evaporated further to a volums3omL.
Residualn-hexane is removed from the crude ¢&blution of HGN using HPLC
eluted by CCJ and the resulting fraction of HN/CCl, is concentrated by evaporation
to a volume of0.5 mL for the IR measurement.

The 0.1-mm-pathlength IR cell with KBr windows iied with the solution of HGN

or HCi:N in CCL at a concentration of ~fOmol L™*. IR absorption spectra are
measured at ambient temperature in a range of 4@DO cn at a resolution of 1.0
cm? using an FTIR spectrometer (Nicolet Magna 750, Kam splitter, DTGS
detector) [20]. Whole system is covered by a ruisleaded container box and purged
inside with dry nitrogen (lwatani Ngas generator GN-20, 20 L/min) to diminish
absorption lines of water vapor and carbon dioxide.

Resonance Raman spectroscopy

Concentration of HEN in liquid n-hexane is adjusted to the absorbanca sf0.6 - 1.2

at the UV absorption maximum for the optical patigidh of 1.0 cm. A transparent
1.0-cm quartz cell filled with the 4-mL solution mhexane is placed in a cell holder
where the solution is photoexcited by a pulsed @sef beam of a 4-mm diameter
(Sirah Cobra Dye/SHG or VersaScan MB/uvScan OPO/SiGmped by 3rd
harmonics of INDI-40 Nd:YAG) [18]. The excitationawelength was tuned at 264 nm
(Coumarin 153/SHG) for HBI and at 274 nm (OPO/SHG) for H@l. The scattered
light perpendicular to both directions of propagatiand polarization of the linearly
polarized laser beam was collected by a quartzdedsrouted to the entrance slit of the
UV spectrometer (McPherson Model 209 1.33 m, 1200 G/mm blazed at 300 nm)
equipped with an array detector (Pl ICCD 1024x2b&lp, ST138). The resonance



Raman scattering spectra are transferred to a PQ UWéinSpec 3.2 and processed by
Igor Pro 8.04.

Phosphorescence Spectroscopy

The purified solution of HEN or HG;N is concentrated to a volume 1.0 mL to
have a concentration of ~¥Gnol L™* and introduced through a 1/16-inch tubing into a
vacuum system at ~POPa of the cryostat (Daikin V202CL). The solutiensprayed
then condensed onto the surface of a copper skalectat 20 K in the cryostat to form
millimeters-thick solid matrix samples of the misg¢yu HGN/CH3CN, HGN/n-hexane,

or HC;3;N/CH3CN. Phosphorescence signals are recorded by theasurement modes:
(1) dispersed phosphorescence spectra are recatdedixed excitation wavelength
using a spectrometer (P1320= 0.3 m, 1200 G/mm blazed at 500 nm or 600 G/mm
blazed at 1000 nm) equipped with a liquig-dboled array detector (Pl PyLoN, OE256),
(2) dispersed phosphorescence spectra are recordddndantly during the
excitation-wavelength scan in a range of 213 - B2 with an increment of 0.5 nm
using a spectrometer (Acton SP3005 0.3 m, 1200 G/mm blazed at 500 nm or 600
G/mm blazed at 500 nm) equipped with an array tete! SPEC10), and (3)
phosphorescence excitation spectra are recordeal digitizing oscilloscope (LeCroy
WavePro 954) by plotting the phosphorescence iitieas a fixed wavelength during
the excitation-wavelength scan using a photomidtiptletector (Hamamatsu R928).
For the mode (3), a time windove.g, between 2 and 20 msec, is set to avoid
instantaneous scattering upon the excitation piolseollecting only delayed emission
to smooth out the relatively featureless backgrouha suppress the second-order
dispersion of the grating spectrometers, coloreggffilters (Schott long-pass filters,
GG395, GG475, or OG570) are used for cutting thertesh wavelength light.
Phosphorescence mapping is made from the serigspeatra in the mode (2), while
phosphorescence lifetimes are obtained from theaydewofile in the mode (3).
Commonly for the three modes (1) - (3), excitatisrperformed by using a tunable
pulsed laser system (GWU VersaScan MB/uvScan OPG/Smped by 3rd



harmonics of INDI-40 Nd:YAG, 7 nm duration) and thvavelength is calibrated and
monitored by using a wavelength meter (GWU Lambdayc

Results and discussion
A. UV, IR, and Raman spectra in solutions

Figure 1 shows UV absorption spectra ofgNG@Gnd HG;N in n-hexane. The absorption
maximum is at 245.6 nm for the former and at 26#for the latter. In addition to the
vibrational progression of a stretching mode towahdbrter wavelengths, which is
similar to the spectra of hydrogen-capped polyyneC=C),H [16,18-20,28],
shoulders and weaker bands are discernible in dhgel wavelength region [17].
Transitions to electronic excited states, to whiwh transition from the ground state is
symmetry forbidden for centrosymmetric H{C),H molecules oD.,, symmetry, are
activated for asymmetric HEC),C=N molecules ofC,, symmetry and observed as a
part of the allowed transitiodz* « X'=*. The observed UV absorption features are

summarized in Table 1.
Figure 1.
Table 1.

Figure 2 shows IR and resonance Raman spectra @N Hnd HG;N. Stretching
modes of the sp-carbon chain are peaking in a rafg2028 - 2239 c for both
molecules. Among others, the strongest peak&l141 crit for HCyN and at 2105 crh
for HC;;N are downshifting with the increasing carbon ché&ngth, while the
frequencies of the modes at high and low frequesmds do not depend on the carbon
chain length (for vibrational properties by B3LYE#gVQZ molecular orbital
calculations, see Table S1 and Figs. S1 and S2upplementary data). All the
stretchingo modes in this frequency region of 2150 + 150*cmamely 5 modesg, -

os, for HGN and 6 modesg, - o, for HGiN, are both IR and Raman active for
cyanopolyynes o€.,, symmetry, though some of them have only negligibiensities,

e.g, the IRo, mode of HGiN. The highest frequency peak in this regioe, o, at



2239 cm' for HGN and o, at 2235 crit for HCy;:N, appears with substantial IR
absorption intensity relative to the main peak, lavlthe corresponding Raman mode
signal is relatively weak. In this collective sti@ing mode of the —(&C),—C=N chain,
the bond length of the polarized=R bonding changes relatively largely compared to
the other stretching modes at lower frequenciesiv€sely, the lack of these bands in
the measured Raman spectra is coherent with thkpected weakness (for calculated
intensities, see Table S1 and Ref. 12). For botlNH&and HG;N, strong IR signals
were observed for the highest frequency CH stretphi mode at 3302 - 3303 ¢hand

for the low frequency CH bendingmode at 626 - 532 ci(not shown in Fig. 2). The
observed IR and Raman peaks are compiled in Table 2

Figure 2.
Table 2.

For HGN, a weak IR absorption at 2174 ¢ris an order of magnitude stronger for the
predicted intensity foroz and assigned to an overtone of the pseudosymmeadric
stretching mode [12]. For HEN, a group of IR absorption lines including theoatgest
signal at 2105 cthand those in its vicinity are attributable &g, which is strongly
perturbed by overtones and/or combinations. Thebyes mode is possibly perturbed
also.

Note here that, for the resonance Raman spectrgstiop excitation wavelength was

tuned to a maximum or an edge of a weaker UV alisorppand at longer wavelength

to avoid serious self-absorption of Stokes linestily the measurement of the Raman
spectra, decay of the Raman signals was observethdotarget molecule and some
additional signals appea,g, a peak with an asterisk in the Raman spectrumGaN

in Fig. 2, indicating decomposition of & molecules im-hexane upon absorption of

the UV photons for the excitation.

B. Phosphorescence of HCgN



Figure 3 plots dispersed phosphorescence spectCsl molecules trapped in solid
acetonitrile at 20 K. Typical spectra are shownFig. 3a for which the excitation
wavelength is set at 250.0, 255.0, or 271.0 nmr Bands in the electronic transition,
a’s* — X'3*, are observed upon the 250.0-nm excitation witkima at 582.3, 665.4,
775.6, and 927.8 nm for 0-0, 0-1, 0-2, and 0O-3ditaons, respectively, comprising
vibrational progression of they, mode of HGN for collective stretching motions of the
carbon chain. Increments between adjacent paitsanfls are 2146, 2135, and 2115
cm?, in excellent agreement with the 1-0 fundamerniaktiec, mode in the electronic
ground state as observed at 214I'dmthe IR and Raman spectra in Fig. 2 (see also
Table 2). The major bands in the dispersed phosghence spectra of H& in solid
acetonitrile are listed in Table 3.

Figure 3.
Table 3.

The three spectra in Fig. 3a show peaks at the s@awelengths but with different
intensities upon the different wavelength excitagioThey are grouped into three series
of progressions, namely A, B, and C. In Fig. 3le, tibp trace in Fig. 3a is reproduced as
a function of wavenumber, ¢h after subtraction of a featureless background. An
intense peak in each 0-v band (v = 0-4), indicatedA, is accompanied by broader
peaks at lower energies, indicated as B and C.sEparation of the peak B from the
peak A increases as 335, 346, 356, and 37O asrthe vibrational progression of the
mode increases from v =0to v =1, 2, and 3. Bmestrend is confirmed for the peak
C. This trend is not compatible with the anharmityibehavior of a vibrational mode.
Moreover, relative intensity of the three peaksBAand C, drastically changes for the
different excitation energies as shown in Fig. Ba&se observations indicate thatdNC
molecules in solid acetonitrile are accommodatethiiae types of trapping sites where
spatial arrangement of surrounding 4CH molecules are distinctly different for Site A,
Site B and Site C. The phosphorescence peakst®ASare as sharp as those reported

in a solid Ar or Kr matrix [12].

To see the difference of the spectral featuresBAand C, in more detail, Fig. 4

illustrates phosphorescence excitation mappingttier 0-0 band of HEN in solid



acetonitrile at 20 K. The two-dimensional (2D) amunt plot in colors depicts emission
intensity as functions of the emission and exatatwavelengths. Horizontal cross
sections provide dispersed phosphorescence spastshown atop the 2D-map for
selected excitation wavelengths of 241, 245, antl @, for which the emission
intensities at 582.3, 593.9, and 598.7 nm are tAeimum for the peaks A, B, and C,
respectively. Vertical cross sections constitutegpinorescence excitation spectra as
shown to the right of the 2D-map for selected emissvavelengths for the relevant
peaks A, B, and C. In the 2D-map, four major spots vertically aligned along each
line of the emission wavelengths at 582.3 nm fo683.9 nm for B, and 598.7 nm for
C. This 4-band pattern shifts down on the map ¢tdfis) when the detection
wavelength changes in the direction from A to Ce Thapping pattern clearly shows
one-to-one correspondence between an emissiongrehlan excitation profile and is
rationalized again by the presence of three distipyges of trapping sites for HN
molecules in solid acetonitrile.

Figure 4.

Note here that the excitation at 271 nm gives ts¢he phosphorescence emission
almost uniquely from Site C. This selective exaitatis possible when the HIS
molecule in a specific Site C has substantial giignr efficiency for the low energy
UV photon relative to the molecule in the othereSik or B. The above mentioned
red-shifts both in the excitation and emission gresrindicate that energy gaps between
the electronic ground state and the singlet/triplatited states get smaller from A to C.
A larger gap or a larger transition energy for Aicates the preferential stabilization of
the ground-state HBI molecules in Site A. Conversely, the #Cmolecules in Site B
and C are relatively destabilized for the grouradest

Table 4 compiles minor features observed in Figan® 4, namely satellite peaks and
shoulders in the phosphorescence ofyNl@h solid acetonitrile. In Fig. 3a, a satellite
peak at 583.4 nm next to the main peak of Site B8&3 nm is as sharp as the main
peak and red-shifted by80 cni' from the main peak. The intensity of the sate[liéak
relative to the main peak increases from v = 0 to ¥ and 2 for 0-v bands in tle
progression. Moreover, in the mapping in Fig. 4 thaximum excitation wavelength



for the satellite peak “a” is downshifted b{ nm €170 cm') from that for the main
peak “A”. Furthermore, the appearance of this Btdelpeak resembles to the
appearance of the secondary peak in the literatdrieh is well resolved in the solid Ar
and Kr matrix hosts and assigned togNGnolecules trapped in a secondary matrix site
[12]. Another satellite locating at higher energyseparated by 78 - 97 ¢nfrom the
main peak A for 0-v bands (v = 0-2) in tbg progression. Having the same maximum
excitation wavelength with the main peak A, thideBi#e is associated with a
modification of the trapping site A. For peaks waihch minute energy differences as
less tharr100 cm', presence of an isotopolog¥8“CsN (a total~9%, i.e., ~1% for
each of the nine isotopomers), and correspondimg-@nt-energy differences may
also be subjects for considerations [29-31].

Table 4.

Concerning weak bands at 611.4 nm (1.633xi6") and 617.6 nm (1.619xi@m™)

in Fig. 3a, dim spots in the mapping in Fig. 4 eetevant. The former shares the
excitation maximum at 245 nm for B, while the lattbares the excitation maximum at
247 nm for C. Difference frequencies from the cspnding major bands are 482tm
for B and 510 cmi for C, which are assignable to thebending fundamental [12].

Figure 5 shows scanned excitation spectra ofNH@®btained with the measurement
mode (3), by motoring the emission intensity at.382m for A, 593.9 nm for B, and
598.7 nm for C. The strongest band peaking at 24@.Tor A shifts to the red at 244. 9
nm for B. The other bands for B are shifted alsdottger wavelengths compared to
those for A. UV absorption spectrum of the solutadrHCgN in acetonitrile is shown
for comparison (dashed line). Dotted lines aredketation spectra obtained with the
measurement mode (2) as reproduced from the ragielpn Fig. 4 with vertical scaling.
Peak positions and band widths are fitting wellhwthie spectra between the mode (2)
and (3), except for the spectral features in thiteddine spectrum for G.,e., peaks at
247, 258, and 271 nm. In Site C, the trapping @mvrent for the HGN molecule can
be modified to get stronger absorption efficiency these excitation wavelengths,
which might be developed under the long-term répetiexcitation cycle for the
phosphorescence-mapping measurement.
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Figure 5.

Figure 6a shows phosphorescence excitation mappimdy a typical dispersed
phosphorescence spectrum ofdNGn solid n-hexane at 20 K. Within a relatively wide
spectral range of 560 - 820 nm, three phosphorescbands of the vibrationat,
progression are covered in one frame. The majorddam the dispersed
phosphorescence spectra of JNGn n-hexane are listed in Table 3. The 2D contour
plot shows some asymmetric red spots along eatieofertical lines for the 0-0, 0-1,
or 0-2 bands. Each spot is elongated from up-teétawn-right. In contrast to the spots
in acetonitrile in Fig. 4, the phosphorescence uiest in n-hexane are not clearly
resolved to be classified as distinct matrix sifdsvertheless, as plotted in Fig. 6b,
phosphorescence excitation spectra exhibit spdettures corresponding to absorption
bands in the solution af-hexane (dashed line in blue). In Table 1, obseberts in
the phosphorescence excitation spectra o§NH{@ solid n-hexane in Fig. 6 as well as
those in solid acetonitrile in Fig. 5 are listed é@mparison with absorption features in
solutions and with phosphorescence excitation peddserved in the solid krypton
matrix host [12].

Figure 6.

A difference to be noted here is that the spedeature at~255 nm is not clearly
discernible for the UV absorption in liquid acetoife and for the phosphorescence
excitation in solid acetonitrile (Site A). Howevegreak positions as a whole by the
phosphorescence excitation of #in solid n-hexane are not much different from
those in solid acetonitrile (dotted line) and UVsaiption bands in liquid acetonitrile
(dashed line in purple) [17], bearing resemblamca better resolved and consequently
more complicated spectrum measured in solid kryft@h Phosphorescence excitation
spectra are more complex than absorption spedtia.because, at low temperatures,
each of the single vibronic bands gets narrowerkwbmes well resolved, in contrast
to blurred bands overlapping in a solution. In &ddi the presence of multiple trapping
sites makes the spectrum more complex in solidimhtists, whereas spectral details
are obscured in solutions by averaging over a tyaoé instantaneous orientations of

surrounding molecules.
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Comparing the phosphorescence excitation with tileabsorption in more detail, the
low energy part is more intense in excitation tiraabsorption for both acetonitrile in
Fig. 5 andn-hexane in Fig. 6b. For the spectral region of 20085 nm, multiple
transitions are predicted from the ground sta&t&,", to several electronic excited states,
D'a, E'st, F's7, G, H'T' [12]. Among them, transitions to tH&" states,E (f =
2.8) andH (f = 1.7), are fully allowed by the electric dipoleechanism, while
transitions to the othefX™ and 'A states are forbidden but getting allowed via
Herzberg-Teller coupling [32-34] with activation acleactivation of arcsymmetry
vibration [12]. For symmetry forbidden singlet-digigtransitions of centrosymmetric
polyyne molecules, HEC),H, the mechanism of intensity borrowing and theetyb
inducing modes are discussed in some details [8%he cryogenic solid matrix hosts
where the surrounding solvent molecules are tigh#gked and their orientations are
fixed, the electrostatic field in a trapping site the target molecule can be anisotropic,
which may break the symmetry selection rule. Acoaly, vibronic transitions via
Herzberg-Teller coupling are promoted to be obskmere intense than in solutions.

The structure in excitation shown in Figs. 4 antb5acetonitrile and in Fig. 6b for
n-hexane has some similarities with the excitatipectrum in Fig. 7 in Ref. 12 for solid
krypton. The low energy part shows a vibronic suie different from that of the high
energy part, in agreement with the assignment tdtiptes excited states [12]. In
particular, the spectral feature at 255 nm obsemedhexane both for UV absorption
(shoulder) and phosphorescence excitation (peakyl @mrrespond to the band at 252.5
nm observed in solid Kr [12], which was difficudt include in a vibronic progression.

C. Phosphorescence of HC11N

Figure 7 shows a typical phosphorescence spectff@€gN in solid acetonitrile at 20
K. With the excitation at 267.0 nm (solid line)rel peaks at 643.7, 745.8, and 881.7
nm are conspicuous for vibronic 0-0, 0-1, and @aRditions, respectively, in the*>"

— X'$* system. These peaks are very weak at the excitafi@81.0 nm (dotted line),
while the broad bands toward the low energy sigechiserved relatively strongly. The
vibrational progression is due to excitation of thteetchingos mode of HGiN.
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Increment between the 0-0 and 0-1 bands, 2108 @snin very good agreement with
the strong IR and Raman mode signabgt 2105 crit in Fig. 2. The narrow lines and
the relevant broad bands are both belonging ta;NGnd indicative of different
trapping sites. The peaks in the dispersed phospbence spectra of H{I in solid
acetonitrile are listed in Table 3.

Figure 7.

By monitoring the phosphorescence intensity até#40-0), the excitation wavelength
is scanned continuously to obtain the excitaticgcgpm in Fig. 8. The action spectrum
(solid line) of this measurement mode (3) is in @i@greement with the absorption
spectrum in the solution (dotted line), showingtieely narrow band shapes near the
peak maxima. The bands in the phosphorescencegagispectrum of HGN in solid
acetonitrile are listed in Table 1 for comparisathwhe UV absorption bands.

Figure 8.

For more details, a series of emission spectranoexpanded portion around the
phosphorescence 0-0 band at 644 nm are recordedteeity during the scan of the
excitation wavelength in a range of 213 - 302 nntH®ymode (2) and plotted in Fig. 9
(left panel). From top to bottom, the charactecisiicle is observed several times, with
a broad band that appears at shorter wavelengfts &hlonger wavelength, and fades.
The observation is rationalized by the idea th&@& ;N molecule absorbing a high
(low) energy UV photon emits a high (low) energgibie photon as phosphorescence.
This trend is seen more clearly in the phosphoresc@xcitation mapping in Fig. 9
(right panel),i.e., several bumps tailing from up-left to down-rigleach of which
corresponds to the UV absorption baod. dotted line in Fig. 8).

Figure 9.

The most significant feature of the phosphorescenapping in Fig. 9 is the narrow
peak at 644 nm on top of the broad band, which dussshift by the excitation
wavelength. The upper state of the emissi@i,’, as well as the lower stat&'", is
populated as a well-defined state in the matrix.hbisis phenomenon is explainable by

13



Shpolsky effects [36], where the host molecules awsstallized around the guest
molecule, providing a unique matrix environmentao$ingle trapping site. When the
action spectrum of the excitation is deduced omtmf the areal magnitude of the
narrow peak at 644 nm, for which the contributiooni the broad band below the peak
Is subtracted, the spectrum shows narrow peakdratbe excitation spectrum as in Fig.
10. Major high energy bands exhibit relatively oarrpeaks, although two low energy
bands are relatively broad. However, incrementsvéen adjacent peaks from low
energy are 1724, 1723, 1881, and 1812'chbreing irregular and even increasing in
energy. This is not compatible with the idea fosigising them to a single vibrational

mode progression in a single electronic potentidiage. Moreover, it is apparent from
Table 1 that the absorption bands ofiCreadily show the same irregularity. This is
because of still unresolved vibronic features eueder the condition of cryogenic

matrix experiments. As is demonstrated in the akoim spectrum of matrix isolated

HCgN molecules in cryogenic solid krypton [12], theceation spectra as well as the
absorption spectra are constituted intrinsicallyriayre complex vibronic features due to

the effects by strong intensity borrowing betweeangnelectronic states.

Figure 10.

D. Phosphorescence lifetimes

Phosphorescence lifetimes were measured by temgecaly profiles of the emission
intensity. Several bands at particular excitatiomd aemission wavelengths were
examined to realize that the decay constant is moorkess the same for the same
molecule, indicating that the observed lifetimeleets the population decay of the
lowest triplet state#®z". The observed lifetimes at 20 K with fitting ertmars are 11.2
+ 0.1 ms in acetonitrile and 9.7 + 0.1 msmihexane for HGN and 7.6 + 0.1 ms in
acetonitrile for HGN. For HGN, the slightly shorter lifetime in-hexane than that in
acetonitrile may be attributable to the larger neméf vibrational degrees of freedom
for the hostn-hexane molecules, leading to enhanced energypdigsn. Although
several milliseconds deviations are admitted froffei@nt settings for the termination

resistance in the measurement system, a clear iermbnfirmed that the longer
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cyanopolyyne, HGN, has a shorter lifetime than BIC This is in good agreement with
the trend for reported lifetimes of 40 ms for #C 8.2 ms for HGN and 3.9 ms for
HCgN in solid Kr matrices [10,12].

E. Transition energies and the molecular size

Figure 11 summarizes the experimental transitiomelengths of the phosphorescence
0-0 band for cyanopolyynes HEN (n = 2-5) as a function of the size of the
conjugated linear carbon chairg., the number of carbon atoms in a molecule. The UV
absorption maxima of cyanopolyynes HGN (n = 3-6) and hydrogen-capped polyynes
CoH2 (n = 3-7) are plotted for reference. Both types ahsitions in the visible and UV
regions show a systematic trend proportional tontieéecular size, as expected for the
particle-in-a-box model. The upper state of thegphorescencei’s* — X's*, stems
from the same electron configuration as the uppetesof the lowest-energy
fully-dipole-allowed transition,’=* «— X', but differs in the spin state. The
HOMO-LUMO excitation (1t) provides three excited states, =, andA [12,35].
Among the three, the upper state for the fully\a#d transition,'=*, locates at the
highest energy and the other tWa; and'A, come to the lowest excited energy within
the singlet manifold. For the symmetry forbiddeansition to the'A state from the
X'=* ground state, Herzberg-Teller coupling with a atlmal Temode excitation is
crucial. The lowest energy triplet state for th@qphorescencej*s", locates slightly
lower than the lowest energy singlets, thus thesphorescence excitation measurement
for the 'A state is possible [12]. The vibronic structure tire phosphorescence
excitation spectrum for thed — X'=* transition is much simpler than the structure for
the fully allowed's* — X'=* transition.

Figure 11.

Since the upper state of the former is remote arggnfrom the upper state of the fully
allowed transition, the transition occurs simplythin a single pair of the upper and
lower electronic states, even though the HerzbeilteiTcoupling is required [12,32-34].

In contrast, the fully allowed transition of theté occurs with numerous vibronic
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transitions to a number of nearby electronic staieshich the intensity borrowing from
the fully allowed transition is heavily promotdd., the oscillator strength of the fully
allowed transition is distributed to the other @&lecic transitions having overlapping
vibronic levels in the vicinity. In this type ofrehgly coupled plasmonic transitions, the
vibronic intensity is not simply governed by us#&aanck-Condon factors between the
two electronic states and even the origin banaiasily located [37].

Summary

Two cyanopolyyne molecules, HE€ and HGiN, were isolated from solutions of
laser-ablated graphite particles in acetonitrild &Y absorption spectra were recorded
in acetonitrile andh-hexane. IR absorption spectra were measured in, @@ile UV
resonance Raman spectra were observeathaxane. Appearing both in the IR and
Raman spectra in a range of 2030 - 2240 cfive modes in HGN, o, - g, and five
modes in H@N, o, - o7 except fora,, were identified as stretching vibrational modes
of the sp-hybridized —(&C-),C=N chain. Phosphorescence signals appearing at 582.3
nm (0-0), 665.4 nm (0-1), and 775.6 nm (0-2), ai&¥.8 nm (0-3) in the solid
acetonitrile matrix host constitute vibrational giression of the stretching, mode in
the electronic ground state of BI\G fairly consistent with the vibrational frequenafy
2141 cnt by the IR and Raman measurement. ForNCphosphorescence signals
were peaking at 643.7 nm (0-0), 744.8 nm (0-1),&8M17 nm (0-2), consistent with the
o6 fundamental of 2105 cmin the IR and Raman spectra. Phosphorescencetogit
mapping showed UV absorption dynamics in the crpagsolids of organic molecules
explainable by the presence of multiple trappirtgssas well as crystalline sites with
sharp emission/absorption features by Shpolskyctsifee., the three distinct trapping
sites for HGN in solid acetonitrile in particular. Vibronic patns of the UV excitation
were found irregular which highlight the multipléeetronic excited states involved.
Phosphorescence lifetimes were longer fogN@an that for HGN.
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Gaussian Inc. Wallingford, CT, 2016. The calculaite@monic frequencies are scaled
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Table 1. UV absorption and phosphorescence exantédiatures of HIN and HG1N.

Speci Absorption / nm Phosphorescence Excitation / nm
ecies
P Acetonitrile n-Hexan&  Acetonitrile” n-Hexan& Kr®
HCoN 201.3
210.4£[47,534]
211.¢ 212.C 211.€[47,201]
218.7 [45,729]
221.€ 221.C 223 (224 22z 221.0 [4£,247]
227.7 [4,921]
230.¢ 231.C 232 (235 231 231.5 [4:,189]
237.3 [4.,148]
238.¢ 238.¢ 240.7 241 238.2 [41,973]
‘ 243.5 [41,070]
244 .4 245.¢ (244.9 244.0 [4(,986]
248.¢ 248.¢€ 249.¢€ 25C 248.4 [4(,252]
252.5 [3¢,605]
255.C (255) 255 255.9 [3¢,085]
260.1 [3£,449]
260.2 261.C 263 (267, 262 260.7 [3¢,358]
268.8 [37,201]
272.9 [36,647]
273.7 272.C 275 (278 274 273.6 [3€,554
283.4 [3£,288]
288.2 288.1 [34,706]
289.0 [34598]
HC.;;N 212.¢ 212.C
222.2 222.2 224.2¢
2321 232.C 233.7¢
242.C 242.2 244.5(
253.2 253.2 255.2¢
263.2¢
264.5 264.4
267.0C
273.€
274.5 275.75
284.C
289.2 287.C 289.7¢
304.¢ 303.¢€
321.¢

a) Solutions at ambient temperature [17].
b) Solid matrices at 20 K: Wavelengths in parenthasesfor Site B in solid
acetonitrile (this work).
c) Solid Kr matrices: Wavenumbers in ¢rin braces are reported in the literature [12].
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Table 2. Observed IR and Raman peaks o§NH&nd HG;N in solutions.

_ Frequency (ci) Intensity’ _
Species by 5 Mode Assignmerit
IR IR”  Ramaf!
HCyN 3302 S. 01 CH str.
2239 m. w. 02 CN str?
2190 VW, VW. O3
2174 w. W. 203
2141 s. s. 04 — CC str)
2115 w. W. Os
2030 - w? Os
632 sh.
1t CH bend.
626 S.
HC:1N 3303 S. 01 CH str.
2235 m. W. o CN str
2184 VW, - O3
2139 w. - o
2105 o6Y .
s. s. — CC str”
2100 o7+ 2m;
2085 W. sh. combinatidr]
2028 - w. o7
632 m. el CH bend.
a) Abbreviations: s. (strong), m. (medium), w. (weaky, (very weak), sh. (shoulder).
b) Solvent: CCJ.
c) Solvent:n-hexane.

Overlapping with an impurity peak.

Strongly perturbed by overtones and combinations.

Candidatesog + 41, 2011 + 21%, OF Og + O1op.

Abbreviations: str. (stretching), bend. (bending).
A collective mode with CC stretching motions.
Collective modes with the CN stretching motion.
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Table 3. Major vibrational progression observedthe dispersed phosphorescence
spectra of HGN and HG:N in cryogenic matrix hosts of solid organic moliesu

Species Acetonitrile n-Hexane Assignment
A(m) A (cm? A(hm)  Am? &% - X%
HCoN 582.3 584 05 (0-0)
2146 2131
665.4 667 49 (0-1)
2135 2016
775.6 776 49 (0-2)
2115
927.8 - 43 (0-3)
HC;N 643.7 - 05 (0-0)
2108
744.8 - 69 (0-1)
2085
881.7 - 62 (0-2)
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Table 4. Site peaks and satellite peaks in thegdtaescence spectra of HCin solid
acetonitrile at 20 K. Three distinct matrix sitee denoted by A, B, and C. Difference
frequencies in cfhare relative to the main peak within the same grfu0-v bands (v

=0, 1, and 2) in the common site.

HCgN Observed Peaks Difference Frequencies
Progression Wavelength / nm Wavenumber / ¢m
Appearance
Oy A B C A B C
satellite 579.6 - - —78 - -
shoulder 582.1 - - —4 - -
main peak 582.3 593.9 598.7 0 0 0
0-0 satelitd)  583.4 - . 32 i .
shoulder 584.7 - 600.2 72 - 42
weak ban] - 611.4 617.6 - 482 510
shoulder 660.6 - - -109 - -
satellite 661.8 - - -83 - -
shoulder 664.3 - - —24 - -
0-1 main peak  665.4 681.1 687.4 2146 2156 2155
satellité’” 6669 - - 33 - -
shoulder 668.5 682.4 689.7 69 28 48
weak ban! - 703.8 710.9 - 473 480
satellite 769.8 - - -97 - -
shoulder 774.4 - - =20 - -
0-2 main peak  775.6 797.6 805.5 2135 2144 2132
satellitd)  777.5 - - 30 - -
shoulder 779.8 - - 69 - -
0-3 main peak  927.8 960.8 - 2118 213¢ -

a) Split side-peaks in Fig. 3 and a down-shifted pedkn Fig. 4.
b) Assignedtow, +1, (v=0, 1, and 2) as in Ref. 12.

c) Difference from the 0-0 main peak.

d) Difference from the 0-1 main peak.

e) Difference from the 0-2 main peak.
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Figure Captions

Figure 1. UV absorption spectra of fiCand HG;N in solutions oh-hexane.

Figure 2. IR absorption spectra in GQipper traces) and UV resonance Raman spectra
in n-hexane (lower traces) of H8 and HG;N in solutions at ambient
temperature. A peak with an asterisk is a Ramamasgf impurity molecules.

Figure 3. Dispersed phosphorescence spectra gNHCsolid acetonitrile (CECN) at
20 K. a) Spectra in nm at different excitation wawngths of 250.0, 255.0, and
271.0 nm and b) the spectrum in trtbackground subtracted) at 250.0 nm

excitation.

Figure 4. Phosphorescence mapping forM@ solid acetonitrile at 20 K. Dispersed
phosphorescence spectra by excitations at 241, 2Z4bnhm (top). Excitation
spectra by phosphorescence intensities at 582339 58nd 598.7 nm (right).

Figure 5. Phosphorescence excitation spectra ofNHI@ solid acetonitrile at 20 K
plotted for intensities at A 582.3, B 593.9, and@3.7 nm (mode 3). Dotted
line spectra are reproduced from Fig. 4 with vattsraling (mode 2). Dashed
line is the UV absorption spectrum in a solutionagktonitrile at ambient
temperature, for which circle markers indicate apson features at 238.8,
244.4, and 248.9 nm. An asterisk indicates théi@al peak by SHG-crystal

switching.
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Figure 6. a) Phosphorescence mapping fogNHi@ solidn-hexane at 20 K. The trace in
white is a dispersed phosphorescence spectrumebgxititation at 250 nm. b)
Excitation spectra plotted by the phosphorescemtensity at indicated
wavelengths. UV absorption spectranfexane and acetonitrile at ambient
temperature (dashed lines) and an excitation spacin acetonitrile in Fig. 4
(dotted line) are shown for comparison.

Figure 7. Phosphorescence spectrum of;NGn solid acetonitrile at 20 K.

Figure 8. Phosphorescence excitation spectrum i@ solid acetonitrile at 20 K by
monitoring the intensity at 644 nm during the contus UV wavelength scan.
Dotted line shows absorption spectrum in the sofuéit ambient temperature.

Figure 9. Phosphorescence spectra (left panel) theid excitation mapping (right
panel) for the 0-0 band of HEN in solid acetonitrile at 20 K.

Figure 10. Phosphorescence excitation spectrumGafNHin solid acetonitrile at 20 K
by plotting the peak intensity at 644 nm in FigoBthe Shpolsky site.

Figure 11. Phosphorescence transition wavelendttiseoc0-0 band for cyanopolyynes
HCun:1N (n = 2-5) in solid Ar [9,10,12] and in solid acetoiié (this work).
UV absorption maxima in solutions are plotted feflerence [16,17,28].
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Highlights

» Phosphorescence of cyanopolyyne molecules of HCgN and HCy;N at 20 K
» Resonance Raman spectroscopy and IR spectra of HCgN and HCy;N
» Solid acetonitrile or n-hexane matrix hosts provides multiple trapping sites
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