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In situ Raman spectroscopy of shock-compressed benzene and its derivatives
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Real-time Raman spectra of shock compressed benzene and its monosubstitutes, iodobenzene, and nitroben-
zene, have been measured in the pressure range up to 7.5 GPa. Spectral peaks show almost linear blueshifts
against shock pressure. However, nitrobenzene, compared to the other two compounds, shows smaller shifts.
Especially the increase in Raman frequency of the, Ntetching mod€1346 cnl) is extremely small. An
intermolecular interaction between nitrobenzene molecules seems responsible for this behavior.

In order to understand shock-induced phenomena, it isnodes with pressure has been obseR/édwhere certain
essential to obtain real-time information of materials undewibrational mode frequencies decrease with pressure. An ex-
shock compression. The dynamic nature of shock compressmple is softening of the O-H stretching vibration ipHice
sion, i.e., fast rise, short duration, and fast release of shodk which this mode decreases in frequency with pressure un-
loading, often generates nonequilibrium states or unstabltl it disappears at-60 GPa:* Above this pressure it is re-
intermediates in the process of shock compression and us@orted that the nonmolecular, symmetric hydrogen-bonded
ally they are not quenchable. In situ laser spectroscopy is 8tate is formed, where the proton is delocalized along O-O
good tool to investigate those transient states or species. girections?
can provide real-time information on shock-induced struc- Figure 1 shows a schematic diagram of the experimental
tural and chemical changes. Some sophisticated applicatiog&tup. Projectiles with an aluminum impact@ mm thick
of laser spectroscopy to in situ observation of shock-inducetvere accelerated by a propellant gia® mm bore diametgr
phenomena have been reported over the last couple &f° to the maximum velocity 2.0 km/s. Two shorting pins
decades ®In this paper we report shock-induced changes irfixed on the aluminum driver plate mm thick were used
vibrational spectra of benzene, iodobenzene, and nitroberio give an electric trigger pulse for the YAG las&32 nm,
zene measured by a single-pulse laser Raman spectrometer§is, and 10—20 mJThe laser pulse was collimated down to
conjunction with a plate impact technique. It was found thatabout 1 mm in diameter and irradiated from 45° direction
shock-induced changes in Raman spectra of nitrobenzene df0 the central part of the sample just before the shock wave
quite different from those of benzene and iodobenzene€ached the exit surface of the sample. In this configuration
Spectral peak shiftélue shifty against shock pressure were only the scattered light from the central region of the sample
found smaller for nitrobenzene compared to those of benzen&as detected. This should have ensured that detected scat-
and iodobenze, especially the N®tretching mode of ni- tered light came mostly from the shock-compressed region
trobenzene showed very small shifts. The relatively stron@f the sample and the contribution of scattered light from
intermolecular interaction existing between nitrobenzendincompressed region of the sample is very small. The scat-
molecules seems to play an essential role. In this study wtered light was collected and focused into an optical fiber
determined Raman frequency changes against shock pres-
sures for three very common organic solvents. This kind of . - Target
data can also be used as pressure calibration standards fo Optical
certain shock experiments. For example, unlike shock ex- fiber (’
periments by plate impact, in some laser shock experiments —
pressure determination is difficult and may involve large un- i
certainties. In such cases, shock pressures can be easily de N.F T_
termined by measuring the spectral shift for a standard o
sample whose spectral peak shift vs shock pressure data art
available. Spectro- G Delay

In general vibrational frequencies of stretching modes in- |meter *l?’ei Generator
crease with pressure because bond lengths are reduned T1 A
der pressure and effective force constants at the new equilib- -
rium positions are usually larger than those at the original
equilibrium position. This simplified description is qualita-
tively valid at relatively low pressures where the compres-
sion energy is small compared to the electronic enefyies.
However, in the case where a strong intermolecular interac-  [PC
tion such as hydrogen bonding exists, the situation can be-
come quite different. In static high-pressure experiments of FIG. 1. Schematic diagram of single-pulse laser Raman system
some hydrogen-bonded solids, softening of vibrationafor shock compression experiment.
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through a couple of lenses and then introduced into a spec- | I | | |

trometer. The dispersed light was amplified by an image in- (a) Benzene

tensifier(ll) and recorded on a CCD camera. For each shot CH stretch
the 1l was open for a few hundred ns which was long enough

for Raman measurements of samples used in this study. Vi- CC stretch s ambient

brational peak positions were determined as the Raman fre-
guency at the center of each peak. Uncertainties in peak po-
sitions were+5 cm .

Samples used in this study were in liquid state at room
temperature and confined in a sample cell which consists of
a 0.15 mm thick glass window and a 4—5 mm thick stainless
steel tube placed on the driver plate. At room temperature all
three samples solidify at relatively low pressures but under I I } : }
shock conditions with increased temperatures all samples
were supposed to remain in the liquid ststeShock pres- (b) lodobenzene
sures were determined using the impedance match method
with measured projectile velocities and initial sample densi-
ties (benzene: 0.875 g/é?niodobenzene: 1.832 g/émni-
trobenzene: 1.204 g/cin The Hugoniots used werél,
=5.35+1.34U,, for Al,*® Ug=1.50+1.67U,, for benzené;
and Ug=2.52+1.23, for nitrobenzené? Since the Hugo-
niot of iodobenzene are not known, we determined approxi-
mate shock velocities of iodobenzene by estimating the time
intervals for shock waves to propagate through samples. It
was found that the shock velocity of iodobenzene is very o |
small and roughly half of that of benzene or nitrobenzene I I ] I ]
under the same impact conditions.

Representative Raman spectra of three samples under am
bient and shock pressures are shown in Fig. 2. All spectra NO. stretch
were measured with a single excitation laser pulse and their 2
S/N ratios are relatively low. Because of this it is hard to ' ‘ e ambient
identify weaker vibrational bands clearly in the spectra but — : 5.6 GPa
there are two strong Raman peaks clearly seen in each spec
trum. They are the C-C stretching mot#92 cm 1) and the
C-H stretching mode(3080 cml) of benzene, the C-C
stretching 1mode{1002 cmY) and the C-H stretching mode
(3065 cm*) of iodobenzene, and the NGtretching mode TPWR AL e
(1346 cmY) and the C-H stretching mod@082 cm'%) of | et Sancata I ~M|/\H—
nitrobenzene. These six Raman peaks were chosen and ex
amined in detail on how they change under shock compres- 1000 1500 2000 2500 3000
sion. It is seen in the figure that all the peaks are shifted : -1
towards blue under compression. Although this result was Raman Shift (cm )
well expected, it was found th{it th_e magnitude of peak shift 5 5> Raman spectra ) benzene(b) iodobenzene, antt)
strongly depends upon the vibrational mode and the moOlyiyonenzene at ambient pressure and under shock compression. All

ecule. Except for the blueshifts of spectral peaks Ramagpectra were measured with a single laser p@&2 nm, 8 ns,
spectra of the three samples under shock compression indjip_29 my,

cated no other changes due to chemical reactions, phase tran-
sitions, etc., in the pressure range covered in this study. It iperimental errors. It is noted here that, in general, Raman
reported that decomposition of benzene under shock conpeaks become broader and shift towards red with tempera-
pression was observed at near 13 GRaf. 15 and GHg  ture, and hence the increase of Raman frequency under shock
molecular structure is retained up to this shock pres¥ure. compression is smaller than that under static isothermal com-
Raman frequency shifts under shock compression at varpression because the temperature is significantly increased
ous shock pressures were measured and the results are swwing to the adiabatic nature of shock compressioRa-
marized in Fig. 3. It is seen that shock-pressure dependeneean frequency shifts of iodobenzene and nitrobenzene under
of peak shifts are roughly linear in this pressure range for alshock compression have not been known so far. Most no-
the investigated Raman modes. lodobenzene is heavier table is the very small peak shifts of the N®ymmetric
density than benzene by over a factor of 2 but the peak shiftretching mode. Peak shifts of the C-H stretching mode of
behavior is about the same as that of benzene. Raman fraitrobenzene also seem somewhat smaller than those of ben-
quency shifts of benzene under very weak shock compresene and iodobenze. It is reported that pressure-dependent
sion (up to 1.3 GPa and static compression have beenRaman frequency shifts are well correlated with the ambient
reported” and agree with our present results within the ex-Raman frequencie$, although there exists some mode de-

memee : 6.0 GPa
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50H l 1 | similar to that of HO ice mentioned earlier, softening of the
O NO, stretching mode may take place under shock compres-
A sion while the ©—H bonds between nitrobenzene molecules
- become stronger. However, the softening of the,d@etch-
O ing mode of nitrobenzene would not be as significant as that
of the O-H stretching mode of J@ ice because hydrogen
bonds in nitrobenzene are not as strong as those® ikke.
The small Raman frequency shifts under pressure observed
for the NO, stretching mode of nitrobenzene may be ex-
plained as a result of two factors, i.€1) the pressure-
A =] induced softening mechanism in hydrogen-bonded materials
o which decreases the vibrational frequency é)dhe general
pressure-induced hardening mechanism which increases vi-
brational frequencies of stretching modes. The cancellation
] of these two effects seems responsible for the small fre-
n quency shifts of the N© stretching mode. When the
oH i I | pressure-induced softening of the N&tretching mode oc-
curs, some charge would flow from the nitro group into the
0 2 4 6 8 hydrogen bond and then this would result in drawing some
Shock Pressure (GPa) electron density from the aromatic ring into the nitro group.
o _ This might explain the fact that the peak shifts of the C-H
FIG. 3. Raman vibrational frequency shift vs shock pressiite.  giretching mode of nitrobenzene appear somewhat smaller
:tergtthr;ﬁg ?T;gd ;s;;eztcchrlggl) 'Z‘?‘?gj%ioen‘;:ne)'c.g st;?gtii?neg E‘O(;e than those of benzene and iodobenzene. Much further experi-
20 a o i _1 mental work is necessary to better understand intermolecular
S’Pgirg?en)éezé'%C{OHbi?rzefgﬁng'?ﬂjg:ggg'ncgmmfd.g?oétfon;ea_ interactions under pressure. At higher temperatures contribu-
: o tions of hot bands become significant and they should be

zene NQ stretching modg1346 o). Wave numbers in the pa- ken into account when vibrational frequency shifts are
rentheses are ambient Raman frequencies. The uncertainties in th% q y

9
peak shifts are about5 cmi ! and it is indicated on only one data ISCUSSEd.. . S
point in the figure. In plate impact experiments shock pressure determination

is simple and precise but in other shock experiments it may
not be so easy and may involve large uncertainties. In such
cases vibrational frequency shift data for common organic
compounds such as presented in this paper can be used to
) - X determine shock pressures or to check the results of shock
C-C stretching nj?de frequencies of benzene and 'OdObe'b'ressure calculations. For example, in certain laser shock ex-
zene (~1000 cm™) but the pressure-dependent freqUeNCypeiments where shock velocities are difficult to measure but
shifts of the NQ stretching mode is 60~70% smaller than ghetroscopic measurements are possible, shock pressures of
those of the C-H stretching mode of benzene and iodobeny sample with known Hugoniot can be determined by the
zene. There mgst e>.<ist some kind of softening mechgnism iﬂnpedance match method if the sample is replaced by a stan-
the NG, stretching vibrational mode under compression.  qarq material and its peak shifts are measured under exactly

Ni}rz(gbenzene has relatively large dipole moment (1.4 same experimental conditions used for the sample.
X 10"“?C m) caused mainly by negative charges on oxygen

atoms. Hydrogen bonds are formed between nitrobenzene We thank Dr. D. D. Dlott of the University of lllinois and
molecules through negatively charged oxygen atoms anbr. H. L. He of the Southwest Institute of Fluid Physics for
slightly positively charged hydrogen atoms. If the situation isvaluable comments and discussions.
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pendence. The ambient NGtretching mode frequency of
nitrobenzene(1346 cm?) is larger by over 30% than the
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