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ESR in Solid Hydrogen: Triplet Benzene and Naphthalene

John T. Graham and W. Weltner, Jr.*
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Receied: January 7, 1999; In Final Form: April 20, 1999

Benzene (GHs, CsDs, *CeHe) and naphthalene ¢gHs, Ci0Ds) molecules were trapped in solid normal
hydrogen, normal deuterium, and for comparison, neon and argon. The triplet states of the aromatic
hydrocarbons were excited by steady-state light sources, and their X-band ESR spectra observed. Lifetimes
in those states were measured. Possible catalysis af-Hieto p-H, conversion by these triplet states is
discussed.

1. Introduction concentration of the triplet and the temperature determining the
rate of diffusion ofo-H, molecules, and will stop when the
radiation is shut off. One could, of course, avoid this transfor-
mation and its thermal effects by preparing matrixes using pure

Hydrogen forms a highly compressible quantum solid ex-
hibiting large isotope effects and distinctive nuclear isorers.
It can then serve as an unusual and interesting matrix for the . b
study of isolated molecules. This research is a continuation of Fc);)Huf(’jbuc;[sV;ﬁ)I\Migsg ?nsgt?sve\:/rhvi[glee r ;?;8:?:’&03?;3rtrzgn;'tt'ﬁg
the exploration of the electron spin resonance (ESR) spectros- P y

copy of radicals trapped in solid+and Dy at 2 K. Our earlier triplet. ) o
published work in this area involved observation of the Others are also studying the spectroscopy of species isolated

polycarbon molecules £ Cs, Cg,2 and the transition-metal in solid hy(_}lrogen: Miyazaki et al. have applied ESR largely to
hydride and deuteride molecules Y NbH,3and BH,5 Here ~ the detection and dynamics of H (or D) atoms produceq by
we are extending the classic work of van der Waals and de ifradiation of solid hydrogef!! Fajardo et al. are studying
Groot on the ESR of triplet benzene and naphthalene in rigid dopar_1ts and their reactions by obser_vatlons in the visible and
glasse® to the solid hydrogen environment. The only relevant ultraviolet!? Momose et al. are observing carbon clusteasd
past work that we have found is that by Thompson in $965 stable .molecules and their photolysis products, using high-
which he measured the phosphorescence of naphthalene in solifi€solution spectroscopy.
H, at 4.2 K and deduced a lifetime of 2.8 s.

ESR spectra of triplet benzene ¢, C¢Ds, °CsHg), and 2. Experimental Section

naphthalene (&Hs, C10Ds), have been measured in a series of i .
matrixesn-Hy, n-D», and for comparison, Ne and Ar. Unfiltered The ESR apparatus and accompanying cryogenics have been

steady irradiation provided by a high-pressure mercury lamp Previously describedf:*°however, there have been some recent
or xenon lamp was used for excitation. Interruption of the light renovations. The older Bruker spectrometer has been replaced
allowed the lifetime of the ESR signal to be measured. by an ESP 300 E. The copper rod (spatula-shaped13x 32

Our original concern in attempting to observe the excited MM) was cooled by flowing liquid helium (Heli-Tran), pumped-
triplet molecules in solid hydrogen was that the intense-Uy ~ ©N t0 attain a temperature of about 2 K. The cold rod was
visible light required to populate that state would thermally Suspended in a Bruker X-band cavity (at room temperature),

destroy the matrix. However, it was found that by pumping on @nd (t)he hydrocarbon/H, mixture (concentration 0.1 to 0.01
the liquid helium refrigerant so as to maintain the hydrogen at Ml %) was passed up through the cavity and condensed on
~2 K, the matrix was usually stabilized during irradiation. the rod. The flow was such that the background pressure was

As is well-known, so-called normal hydrogem-d,) at not greater than 1@ Torr, and matrixes were usually prepared

equilibrium at room temperature contains about 7%, and in about 10 to 15 min. The triplet state was excited by
25% p-H,. Upon cooling to low temperatures tioeH, slowly continuous irradiation with the unfiltered light froa 1 kwAH-6
transforms t-H,, but this is catalyzed by the presence of free high-pressure mercury arc (water-cooled) or an air-cooled 1 kw
radicalst One then presumes that benzene or naphthalene in ax€non lamp (Oriel) partially focused on the slotted side of the
n-H, matrix & 2 K will act as a catalyst for this transformation ~ C&Vity. The intensity of theAM = 2 signal at g= 4 was
when the hydrocarbon is excited to the triplet state. Evidence Monitored as a function of time after covering the lamp beam.
from Oy(X3%,) studied? suggests that each triplet radical will ~ The hydrocarbons were pumped-on through several freeze
rapidly be surrounded bg-H, molecules. This effect will more ~ and thaw cycles in order to remove oxygen. Benzene and

slowly spread throughout the solid, depending upon the naphthalene were purchased from Aldrich and isotopically
substituted compounds from Cambridge Isotopes. Hydrogen and

* Author to whom correspondence should be addressed. argon were standard research purity from BOC, neon was
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Figure 3. The intensity of theAM = 2 signal in Figure 2 as a function
of time after the exciting light beam was interrupted. The inset in the
upper right-hand corner is a natural log plot of the signal vs time.
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Figure 1. Electron spin resonance spectrum of deuterated naphthalene
(C10Dsg) in its excited triplet state in solid-H, (concentratior= 0.1%)
at 2 K. A large impurity signal occurs atg 2.0 (at~3500 G) with

H atom signals separated by500 G ¢ = 9.8065 GHz).
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Figure 4. The decay signal shown in Figure 3 along with the recovery

Magnetic Field (Gauss) signal after the shutter covering the lamp was removed.

Figure 2. The AM = 2 signal at 1620 G in Figure 1.

research purity from Matheson, and deuterium purchased from
Cambridge Isotopes was 99.8% pure.

3. Results

Figure 1 shows the ESR spectrum of tripliedaphthalene at
a concentration of 0.1% im-H, during irradiation with the
xenon lamp. There is a large impurity signabat 2.0 and the
two adjoining bands spaced 500 G apart are due to H atoms.
Both AM = 1 andAM = 2 signal$” are clearly observed.
The AM = 2 band at 1620 G is shown on an expanded scale in r |
Figure 2. When the magnet field is set on the peak of this band ‘
and the light radiation is interrupted, the band intensity as a r
function of time is shown in Figure 3. The inset in that figure
shows the natural logarithm of the intensity as a function of
time, indicating that the decay is close to exponential. A lifetime
7 = 23 s was derived. By covering and uncovering the lamp FigL_Jre 5. Ele(_:tron ;pin resonance of_ deuterated benze@eamq it_s
beam the decay and recovery signals were obtained as showgXcited state in solish-H, (concentration= 0.1%). A large impurity
P L . sy signal occurs at g= 2.0 with H atom signals separated 00 G
in Figure 4. Variation of the concentration within the range 0.1 — 9.8065 GH2).
to 0.01 mol % did not change the measured lifetime of decay.
Variation of the exciting radiation, Hg-arc or Xe-lamp, did not in H; is shown in Figure 5 with an expanded view of this
have a significant effect upon the observed spectra. = 2 transition in Figure 6. Although the spectrum in Figure 5
The ESR spectra of the benzenes were weaker than theis weak, theAM = 1 lines show no apparent indication Bf=
naphthalenes, because the absorptipr-$ occurs further in 0 (the so-called “parallel” z lines are always weak and are not
the ultraviolet than naphthalene (39 000 vs 33 0069 where observable in any of these ESR spectfajhis suggests that
the exciting lamps are less effective. The spectrum for d-benzenethe triplet state of benzene in the hydrogen matrixex i@ has
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r TABLE 5: Lifetime of the Triplet State of 3C-Substituted
r Benzene {3CgH¢) in Various Matrixes at 2 K

f \ matrix Huin (G) v (GHz) g ourt (s)
/

- - n-H, 1444.8 9.80648 4.850 21(1)
- P n-D, 1439.4 9.80614 4.868 21(1)
L /' \ Ar (4 K) 1433.9 9.80517  4.886 16

B \ molecules in solid hydrogen would be as gaslike as could be
i W/ found among matrixes or glasses. This would be judged by
] observing narrow lines and relatively long relaxation times for
L | ///M the § < T; transition. These are compared for the five
\ / molecules GHg, CeDg, ¥CeHs, CioHs, and GoDg in solid n-Hy,

3 \ n-D», Ne, and Ar in Tables45. Also included, where available,

I . are the measurements of others, as given by Thompson,
1400 1a20 . a0 e 1aso Robinson, Frosch et &, 22 and Birks23 of the phosphorescence
Magnetic Field (Gauss) Iifetimes in solid argon at 4 K. These are in good agreement

with our ESR values.

One notes in Figures 3 and 4, an upward spike, i.e., an
increase in intensity of thAM = 2 ESR signal, just after the

Intensity

Figure 6. The AM = 2 signal at 1435 G in Figure 5. The low-field
shoulder is presumably another site in this unannealed matrix.

TABLE 1: Lifetime of the Triplet State of Naphthalene shutter was placed across the exciting light beam. This is
(CioHs) in Various Matrixes at 2 K reproducible and is attributed to, 7> T; relaxation, thereby
matrix Hnn (G) v (GHz) g ourr(s) otherr (s) increasing the population of the $tate and the ESR signal in
nH, 16228  9.80657 4318  2.3(1) 28 that state. Altlhough thelre is no overlap of thﬁ«f S ano[ T
n-D, 1622.4 9.80673 4319 2. < T, absorption bands in these aromati¢the unfiltered light
Ne 1617.3  9.80643 4.332 24 is intense for both transitions and can be expected to lead to
Ar(4K) 16211  9.80606 4.322 1.8 7 some triplet-triplet absorption. The J— T relaxation is very
aRef 8. faSt, ~1012 5124
Lifetimes. The relaxation of T — & in aromatics is
TABLE 2: Lifetime of the Triplet State of Deuterated determined by radiative and nonradiative rates, where the latter
Naphthalene (GoDs) in Various Matrixes at 2 K dominates in naphthalene. The theory of radiationless transi-
matrix ~ Hpnin (G) v (GHz) g ourt (s) otherr (s) tions20-22 as discussed thoroughly by Robinson et%af? and
n-H, 1620.0 9.80600 4.325  23(1) Siebranc_i%5 attributes this relaxation to FraneiCondon overlap
n-D, 1620.4 9.80654 4.324 30 of the vibrational wave function in the two electronic states
Ne 1613.7  9.80565 4.342 28 governed by the anharmonic distortions of thekC(and C-D)
Ar(4K)  1619.8 9.80609 4.325 16 18 stretching modes. This explains the large increase imthe
aRef 8. perdeuterated molecules. Since it is intramolecular, it is not
surprising that the lifetimes in+and D are close to each other.
TABLE 3: Llfetlme of the Trlplet State of Benzene (CBHG) Even W|th the |arge mass Change from to D2: the Sp|n—
in Various Matrixes at 2 K ; P “
orbit effects are negligible and a so-called “external heavy atom
matrix Hnin (G) v (GHz) g ourz (s) otherr (s) effect” is not expected. Th&CgHs molecule was researched
n-H,0.1% 14444 9.80625 4.851 20(1) out of curiosity, sincé3C would be expected to affect the-El
n-D, 1440.8 9.80645 4.863 20 vibrational modes. The isotopic substitution does yietd 21
Ne 1430.1  9.80615 4.800 16 s, i.e., between 20 s forgBg and 37 s for @Dg. This small a
Ar(4K) 14334 080597 4.888 16 16 shift is not unexpected since the vibrational modes involve
aRef 19. largely motions of the lighter atoms.

An attempt was made to see whether the measured ESR
lifetime of deuterated naphthalene imH, was different
immediately after trapping relative to a later time whehi,

TABLE 4: Lifetime of the Triplet State of Deuterated
Benzene (GDg) in Various Matrixes at 2 K

matrix  Hwin (G) v (GHz) g ourt(s) otherr (s) had presumably been catalyzed by the triplet to fqwh.,.
n-H; 1435.8  9.80651  4.880 37(1) However, the decay curve could not be observed sooner than
n-D; 14345  9.80645  4.884 32 about 80 s after first exciting the triplet. Over the next 1/2 h no
Ar 14268  9.80634 4911 27 26 change in the decay was detected. If there is a catalytic effect
aRef 19. it presumably occurs within the initial period, and all of our
at least trigonal symmetry, i.e., without the distortions observed lifetime measurements are then being made of radicals trapped
by de Groot and van der Wadls. in a p-Hz environment. (Maintaining a hydrogen matrix at 2 K

Similar spectra to those in the figures were observed for the for & longer period is not feasible in our present apparatus, and
benzene and naphthalene molecules in various matrixes. Thevould also require a large expenditure of liquid helium.) We

results are given in Tables=b. The measurements imHy, did not make any measurements on matrixes prepared using
n-D,, and Ne were at 2 K, those in solid Ar at 4 K. TAM = pure D'H_z- _

1 transitions were not always observed, or observed only weakly, Catalysis of the o-H, to p-H, Conversion. Although a

and only the strong\M = 2 bands are listed in the tables. definitive analysis is not possible, it is interesting to consider

) ) the catalysis of conversion which presumably will be effected
4. Discussion by the triplet states of these aromatic molecules-id,. This
One expects, because of its open structure and weakconversion is a considerable heat effect sinceBhe; — Ej—o
intermolecular interactions, that the environment for isolated energy difference is 340 cal mdl of o-Hy;! whereas the heat
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of fusion of solid H is only 28 cal mot%;26 or perhaps more (5) Van Zee, R. J.; Williams, A. P.; Weltner, W., Jr. Chem. Phys.
i ; 1997, 107, 4756.

pertinent here, only about 4 cal are required to heat a mole of SO0

P . - (6) van der Waals, J. H.; de Groot, M. Blol. Phys.1959 2, 333.
solid n-H; from 2 to 10 K where its vapor pressure is about 2 (7) De Groot, M. S.. van der Waals, J. Mol. Phys.196Q 3, 190;
Torr.28 Experimentally there have been no indications here of 1963 6, 545.
the conversion by changes in temperature, pressure, or lifetime  (8) Thompson, C. EJ. Opt. Soc. Am1965 55, 1184.
measurements on these dilute matrixes. Of course, the ultimate  (9) Shevtsov, V.; Scherbakov, . Low. Temp. Phy4.996 104, 211.

experiment will be the direct determination of the ortho-to-para . (10) Miyazaki, T.; Morikita, H.; Fueki, K. Hiraku, TChem. Phys. Lett

0 in the final : lid 1991, 182, 35.
rat'o_'n the fina ma_ltnx sol o_r gas. . ) (11) Miyazaki, T.; Yamamoto, K.; Aratono, YChem. Phys. Letl995
Wigner's catalytic mechanisth requires the triplet-H, 232, 229.
interaction to be such that the two ends of thkl, molecule h(12) Fajardo, M. E.; Tam, S.; Thompson, T. L.; Cordonnier, MCEem.
feel different magnetic fields. Wigner's theory has been Phys.1994 189 351.
ee d © g- e ¢ field gne € . Y Zee (13) Miki, M.; Wakabayashi, T.; Momose, T.; Shida,J..Phys. Chem.
questioned as predicting a much weaker catalytic effet0( 1996 100, 12135.
times) than those measured (fog, @r example). An alternative (14) Momose, T.; Shida, TBull Chem. Soc. Jpri998 71, 1.
theory involves the mixing of triplet character into the \Mave (15) Van Zee, R. J.; Ferrante, R. F.; Zeringue, K. J.; Weltner, WJ, Jr.

function through configuration interactiéf2°® Although very Chem. Phys1988 88, 3465.

small, this mixing can account for the conversion in the-O 19%6232\/22&%' R.J.; Baumann, C. A.; Weltner, W.,QIrChem. Phys.

Hz (linear) complex. Both catalytic mechanisms are shortrange (17) weltner, w., IrMagnetic Atoms and MoleculeBover: Mineola,
and require intimate contact between the aromasgstem and NY, 1989.

o0-H, molecules. The effectiveness of the triplet states in these  (18) Brinen, J. S.; Hodgson, W. G. Chem. Physl967 47, 2946.
aromatics, relative to §NO, NO,, in effecting the conversion (19) Wright, M. R.; Frosch, R. P.; Robinson, G. W. Chem. Phys.

; ) ; : 196Q 33, 934.
is the interesting question. (20) Robinson, G. WJ. Mol. Spectroscl961, 6, 58.
(21) Robinson, G. W.; Frosch, R. B. Chem. Phys1962 37, 1962.
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