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Abstract: Thin films of trinitrotoluene (TNT) were shock compressed using the ultrafast laser shock
apparatus at Los Alamos National Laboratory. Visible (VIS) and mid-infrared (MIR) transient absorption
spectroscopies were simultaneously performed to probe for electronic and vibrational changes during shock
compression of TNT. Three shock pressures (16, 33, 45 GPa) were selected to observe no reaction, incipient
reaction, and strongly developed reactions for TNT within the experimental time scale of <250 ps.
Negligible absorption changes in MIR or VIS absorptions were observed at 16 GPa. At 33 GPa, MIR
absorptions in the 3,000-4,000 cm™ range were observed to increase during the shock and continue to
increase during the rarefaction, in contrast to the VIS absorption measurements, which increased during the
shock and almost fully recovered during rarefaction. At 45 GPa both VIS and MIR absorptions were strong
and irreversible. The intense and spectrally broad MIR absorptions were attributed to short lived
intermediates with strong, spectrally broad absorptions that dominate the spectral response. The MIR and
VIS absorption changes observed at 33 and 45 GPa were credited to shock induced chemistry, most likely
including formation of a very broad hydrogenic stretch feature. Results from these experiments are

consistent with the chemical mechanisms that include O-H or N-H formation such as CH3 oxidation or C-

N homolysis.

I.  Introduction
Trinitrotoluene (TNT) is a relatively insensitive high explosive (HE), compared to most secondary HE,
that was developed in the late 1800’s. Uses of TNT range from defense applications to underwater mining
operations. The usage of TNT is currently being phased out due to environmental contamination and health

hazards associated with TNT, but the process has been slow due to several favorable traits that TNT
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possesses. Due to the large disparity between its melting and decomposition temperature,® TNT is one of
the few HE capable of being melt casted into cavities. Melt casting is also very useful when TNT is mixed
with higher performing HE like RDX. The detonation velocity and pressure of TNT are adequate for many
applications, especially considering the decreased sensitivity to initiation of TNT when compared to other

higher performing HE.2 The decomposition chemistry of TNT based on various input conditions and

3-21 4-5,9, 14, 22-31

initiation mechanisms has been subject of debate®" particularly its detonation chemistry.

Emulation of the detonation state can be achieved using shock waves.*> Multiple decomposition and
detonation chemistry mechanisms have been suggested between simulations® 2 2527, 3031 33 gpq
experiments.*7 910 1321, 2324 Eoeoysing on the detonation or shock compression paths for experiments,
homolysis of the C-N bonds at the nitro group in TNT has been a commonly proposed path.** ** Oxidation
of the methyl (-CH3) group has been another suggested path for TNT decomposition.**® Bimolecular species
of TNT could be formed through Diels-Alder reactions prior to formation of simpler species.?® Cyclization
via the methyl and nitro group,® nitrite rotation,® or C-H « attack®> ** mechanisms have been other possible
explanations of TNT detonation chemistry. Models have proposed similar mechanisms for TNT detonation
with homolysis of the C-N bonds at the nitro group,®* 262" 23! gxidation of the methyl (-CHs) group, %

bimolecular reactions,?*° or C-H « attack?® % mechanisms. These intermediates all are mechanisms of the

first reactions, which then can branch through several other chemical steps on the way to products.

The goal of this work is to measure the bond specific shock induced chemistry of TNT to gain insight
into the first chemical steps that occur during TNT detonation. Measurements of the bond specific chemistry
were achieved using the benchtop ultrafast laser driven shock platform at Los Alamos National Laboratory.
The apparatus is capable of generating and characterizing shock waves in materials, while simultaneously
probing electronic and vibrational absorption spectroscopic changes.®* Changes observed in the vibrational
and visible absorption spectra of shock-compressed TNT will be presented with comparisons to those

expected for possible chemical mechanisms. Similar to the previous manuscript on shock compressed
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PETN, these results can be used to constrain chemical kinetics and reaction models to aid in the

development of higher performing HE.*

Il.  Experimental Methods

339 \was used for these

The laser driven shock apparatus described in previous publications
spectroscopic measurements on shock compressed TNT. The shock drive, interferometry, and spectroscopy
beams were simultaneously generated from a single pulse out of a Ti:sapphire chirped pulse amplifier
(CPA). Fig. 1 shows a diagram of the beams and geometries used in these experiments. A portion of the
150 ps duration chirped pulse (~6 mJ out of 12 mJ) was used to both generate the shock in a material as
well as characterize the wave mechanics through interferometry. A flat top beam was used to generate a
~120 pum diameter shock in the sample. Ultrafast dynamic ellipsometry (UDE) was used to measure the
free surface velocity of the aluminum drive layer. Impedance matching to a measurement of the aluminum
drive layer free surface velocity was used to determine TNT shock pressures for these experiments. The
remaining ~6 mJ beam was compressed in the CPA to 35 fs and was used to generate the broadband visible
(V1S) and mid-infrared (MIR) absorption spectroscopy probes. The generated VIS radiation from 450-700
nm was utilized for transient VIS absorption. Two MIR ranges could be generated depending on the
compression of the CPA: 1,150-3,000 cm™ or 1,450-4,000 cm™. The spectral resolution in the lower MIR
frequency range was approximately 50 cm™, while that in the higher MIR frequency range was about 90
cm™. The former range was useful for viewing the symmetric and antisymmetric nitro stretches (vs-NO,
and va-NO; respectively) and a portion of the TNT hydrogenic stretches* as well as atmospheric CO,, while
the latter range was useful for viewing all portions of the CH-, NH-, and OH- hydrogenic-stretch region
(2,800-3,000, 3,000-3,200, 3,200-3,500 cm™ respectively) for CHNO containing species.** The VIS and
MIR were simultaneously collected during the experiments; however, the interferometric data were
collected from the same substrate without TNT film present immediately prior to spectroscopic

measurements. VIS and MIR were collected at 25 ps time steps from -50 ps to 250 ps relative to shock

entry into the TNT layer. Temporally this range coincided with spectroscopic measurements collected prior



AlP

Publiching

to the shock, during the shock, and during rarefaction in TNT. Per time step, 25 shots were averaged to give
an average spectroscopic response per delay. The 25-shot averaged response for all time delays was defined
as an experiment. This experiment was performed four times per substrate and was averaged to give an
average response per pressure range. Three pressure ranges were selected for this experiment 16-17, 30-34,
and 38-49 GPa which corresponded to unreactive, partial reaction, and reactive chemistry regimes,
respectively. The average pressures induced in the sample were reported for the unreactive (16 GPa), partial

reactive (33 GPa), and reactive (45 GPa) chemistry regimes.
Shaped shock
drive pulse

Shock sample: e
Drive 1 um Al layer

on sapphire \
TNT (~1 um)

=
HA UDE /
MIR \
LAUDE VIS

Fig. 1. Diagram of the sample location. High angle UDE was not used for these experiments. Low angle
ultrafast dynamic ellipsometry (UDE) was used for impedance matching. Reproduced with permission
from J. Phys. Chem. 124, 35 (2020). Copyright 2020 American Chemical Society.*®

Samples were similar to previous thin film crystal experiments.*3>4? Layers consisted of a tamper
material of 500 pum of sapphire, with 1 um of aluminum vapor deposited onto the tamper, and 1 um of TNT
deposited onto the aluminum drive layer. The thicknesses of aluminum and TNT were chosen to be
commensurate with the shock duration of the experiment. TNT was recrystallized in solution to remove
potential contaminants from the manufacturing process. The recrystallized TNT was then dissolved in
acetone to 16% by mass. This solution was spin cast onto 25.4 mm diameter substrates using 250 pL of

solution. Spin casting speed, acceleration, and spin duration parameters were 1500 rpm, 500 rpm/s, and 25
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seconds, respectively. Resulting films of TNT were nominally 1 um in thickness (typically in the range 0.8-
1.2 um). Film thicknesses were measured using a white light interferometer prior to experiments. Typically,
the 120 um diameter shock encompassed between 5-20 TNT crystals. The number of crystals contained in
a shock was estimated from both Fig. 2, as well as the density analysis in the supplemental information.
Prior to experiments, a portion of the TNT was removed from the substrate. The resulting bare aluminum
layer was used for free surface velocity measurements used in impedance matching to the unreactive
Hugoniot of TNT. Shown in Fig. 2 is an image of the TNT microstructure. TNT can stabilize into the
monoclinic phase with twinning when formed from solutions of acetone.****¢ Microscopy was performed
on multiple TNT substrates prior to experiments. The microstructure observed was similar between
substrates. An area analysis was performed on a microscope image to estimate the void fraction and density
and is presented in the supplemental material. The void or interfacial scattering regions between crystals
were up to 4.65% of the total area as estimated from automated binary analysis of microscopy images of

the samples.

2500
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Fig. 2. Image of TNT using white light confocal microscopy. Microstructure was consistent between
substrates.
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I1l.  Results
1. Determination of the shock state

Impedance matching provided a rapid method for determining the pressure induced in the sample
by matching the release isentrope of the aluminum drive layer to a linearly extrapolated fit to the unreactive
Hugoniot for cream cast TNT.? Cream cast TNT was selected for impedance matching due to its high
density compared to pressed powders.? Three pressure regions labeled low, medium, and high were
measured for TNT and are shown in Fig. 3. Low pressure corresponded to pressures that ranged 16-17 GPa,
medium pressures were 30-34 GPa, and high pressure were 38-49 GPa. Films 1, 2, and 6 were films that
were probed when the MIR frequency was in the 1,150-3,000 cm™ range, while Films 4, 5, 7, and 8 were
probed with the 1,450-4,000 cm™ MIR range. In the event that there is a reactive Hugoniot measured in the
future, Table S.1 in supplemental information has the free surface velocity of the aluminum drive layer,
impedance matched shock and particle velocities for TNT, and the tabulated pressure induced in the sample.
Measured free surface velocities were at most 4% different from the average free surface velocity for each

pressure range.

3
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Fig. 3. State determination for shock compressed TNT measured in this experiment. Films labelled MIR
were probed with the 1,450-4,000 cm™ MIR range.

2. Visible (VIS) transient absorption spectroscopy
The shock transited the film in approximately 180 ps to 120 ps for the low to high pressure range,

respectively. Rarefaction of the sample occurred when the shock has fully transited the film and pressure
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was released into air. VIS spectra were taken during rarefaction to determine if shock induced absorptions
were reversible upon release of pressure. Reversal of VIS absorptions during rarefaction could be due to
pressure induced band gap increases or reversible pressure induced chemistry, while irreversible changes
are indicative of irreversible shock induced chemistry.® 3% 47 The VIS absorption spectra at shock
pressures of 16 GPa are shown in the left frame of Fig. 4. Changes were at most 5% across the spectral
range for this pressure. A strong blue slanted absorption was observed to grow during the shock at 33 GPa.
This blue absorption mostly recovered during rarefaction from 33 GPa. TNT shock compressed to 40 GPa
showed increased VIS absorption during the shock, which then remained constant during rarefaction. VIS
spectra were also measured during the experiments conducted to obtain the high frequency MIR spectra
and are shown Fig. 5. The results at 32 GPa were comparable to those at 33 GPa with similar absorption
features, with similar absorptions, shape, and time scales for absorption reversal. The experiments presented
at 32 GPa had a greater spread in pressure compared to those presented at 33 GPa, lowering the average
VIS absorptions. TNT shock compressed to 46 GPa had qualitatively similar results to those at 40 GPa;
however, the VIS absorption was approximately twice as strong. Figs. 4-7 have a red line showing the time
when the shock reached the TNT/air interface, and the black line represents the time when the head of the
rarefaction fan reached the TNT/aluminum drive interface, calculated using Equation 1, or Equation 4.3
from Gathers, for the sound speed in a compressed material. For a given pressure (P), particle velocity
(up), shock velocity (us), sound speed (co), and slope of the Hugoniot (shock velocity usvs. particle velocity

Up).48

(co + 25up)((co + (s — Duy) (1)
Co T SUy

c(P) =
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Fig. 4. Comparison of VIS absorptions for 16, 33, and 40 GPa obtained during the low frequency region
MIR experiments. VIS absorptions suggested no reaction, some reaction with reversibility, and full reaction
at 16, 33, and 40 GPa respectively. The feature at 520 nm at 40 GPa was an artifact present in the static

spectrum.
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Fig. 5. Additional VIS absorption spectra obtained during the high frequency region MIR experiments.
Similar results were measured for 32 GPa compared to 33 GPa with absorption growing in the shock and
recovering during rarefaction. The results at 46 GPa had to be rescaled to double the optical density
compared to 40 GPa. The VIS absorption measured at 46 GPa suggests more chemistry was induced than
at 40 GPa.

3. Mid-infrared (MIR) transient absorption spectroscopy
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Low frequency region MIR transmission spectra for the 16, 33, and 40 GPa cases are shown in Fig
6. Decreased spectral transmission was attributed to increased absorption in the sample. Shocked
transmission is presented in Fig. 6 instead of absorption as transmission was the direct measurement
performed. Absorption does not present any additional information compared to transmission. The color
scale in Fig. 6 is reversed compared to the Figs. 4 and 5. In this frequency range the vs-NO; and va-NO- at
1,350 and 1,540 cm™ respectively*® can be probed simultaneously. Multiple CH- stretches were present at
2,900-3,000 cm’*, but the absorptions were very weak for these bonds compared to the NO stretches.*’ The
CH stretch modes were observed to decrease transmission by <5% statically at these experimental film
thicknesses. A carbon dioxide (CO,) artifact was present in this range around 2,350 cm™. Ambient CO,
caused an artifact due to imperfect normalization of the transmission peak, which left a residual feature like
that observed at 16 GPa in Fig. 6. An increasing absorption feature was observed at >2,500 cm™ at 33 GPa
during the shock and rarefaction. This high frequency absorption feature was not enhanced at 40 GPa, but
rather MIR absorptions increased in the 1,550-2,700 cm™ region. The MIR transmission background

appeared to increase across the entire spectral range for the 40 GPa case.
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Figure 6. Comparison of the shocked transmission behavior for TNT at 16, 33, and 40 GPa. At 16 GPa no
changes were observed. At 33 GPa, the NO stretches broadened by ~50 cm™, and an absorption feature
grew in the hydrogenic stretch region. Partial recovery was observed at 250 ps delay. At 40 GPa a broad
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absorption feature was observed over most of the spectral range. There was less absorption at >2700 cm’
! compared to 33 GPa. The va-NO; transmission decreased from 40% to 25%, a decrease that was not
duplicated at the vs-NO, mode.

High frequency MIR spectra for shock compressed TNT at 32 and 46 GPa were also obtained, and
are shown in Fig. 7. Broad absorption features >3,000 cm™ appeared during the shock and did not recover
upon rarefaction for both pressures. The >2,700 cm™ region is where fundamental absorptions for

hydrogenic stretches occur.** The va-NO, absorption broadened at 32 GPa and 46 GPa, but had no

significant absorption change compared to the background absorption increase.
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Fig. 7. Transmission spectra in the high frequency MIR region for both 32 and 46 GPa cases. At 32 GPa,
the spectra showed a broad absorption feature across most of the hydrogenic stretch region with minimal
absorption recovery behavior. At 46 GPa, there was a large broad absorption feature that grew during and
after the passage of the shock.
IV.  Discussion
1. Shocked state from impedance matching

Table S.1 presents all of the measured drive velocities achieved for the low, medium, and high

pressure cases. All measurements of shock state were made using impedance matching. The pressures

reported are most likely overestimated from the impedance matching technique.® The initial density used

was also over-estimated as the pressures reported were crystal density, not film density. We cannot make a
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suggestion on the unreactive Hugoniot deviations from impedance matching alone. Additionally, the
spectroscopic methods do not provide the type of evidence to suggest if there was a volumetric changing
reaction. The impedance matching technique was used in lieu of UDE for similar analysis and discussion
to previous measurements on PETN.*® All of the shock and particle velocities used in these experiments
were greater than those measured by Marsh.? As discussed in previous publications, shock pressures in
these laser shock experiments need to be larger than traditional plate impact experiments to observe
reactions on the ultrafast time scales.®* *° We could find no Hugoniot data for the measured shock and
particle velocities measured to compare to. We made a simple linear extrapolation of the unreacted TNT
Hugoniot points to impedance match to, but also offer the aluminum impactor free surface measurements

in the Supplemental Information.

2. VIS transient absorption spectroscopy

For the VIS absorption measurements shown in Fig. 4, at 16 GPa there was ~5% total VIS
absorption changes observed. These changes can be attributed to light scattering from the drive layer
surface.>”* When TNT was shocked to 33 GPa there was a strong, blue absorbing feature that grew during
the shock; however, the transmission recovered during the rarefaction from the free surface of TNT. For 40
GPa there was an enhanced VIS absorption feature similar to that observed in the 33 GPa experiments (blue
trending and broad) that did not recover upon rarefaction. Since VIS absorptions did not recover at these
higher shock pressures, some irreversible change was induced in TNT. The surface roughness of the TNT
films averaged out any thin film interference effects in the VIS absorptions.® For high pressures the blue
trending absorbing feature is most likely due to absorption from intermediate species, a claim which is
corroborated by the MIR absorption results. Closure of the HOMO LUMO gap is also a possible

explanation of the VIS absorption measurements.>

For VIS transient absorptions shown in Fig. 5, at 32 GPa there was a broad blue trending VIS

absorption that recovered upon release. These results were nearly identical to the 33 GPa case, except the
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VIS absorptions observed were slightly weaker. At 46 GPa there were strong (>1 O.D.) absorption changes

measured in the sample that did not recover upon rarefaction.

Shock induced scattering may have contributed to apparent absorption changes. Scattering
measurements were performed using a photodiode off axis to the laser illumination with 1:1 image
magnification of the sample in the VIS to examine this possibility. A comparison of the integrated scatter
measured from shock compressed TNT and the shock aluminum drive surface is shown in Fig. 8. The free
surface velocity from both samples was ~6 nm/ps, which would be >50 GPa in TNT. This free surface
velocity was selected to observe the changes at a pressure that would induce reactions and the largest
possible absorption changes like those in Fig 5 and 7 for 46 GPa. It was assumed that if scattering was
negligible at this pressure, then it would also be negligible at lower pressures. The scattering from
compressed TNT and the aluminum drive were compared to a near-perfect scattering material:

polytetrafluoroethylene (PTFE). Integrated scattering (S) measurements were defined by equation 2,

t t
ft: Vshock dt — ftlz Vpreshock dt (2)

S 5
ftl Vprredt

where V is the voltage measured by the photodiode during the shock, preshock, or for PTFE tape, and t;
and t, two temporal points which correspond to the temporal full-width, at half maximum to integrate the
measured response for the shock, preshock, or PTFE. The preshock signal was subtracted from the shocked
signal to differentiate the amount of additional scatter produced from the shockwave. The scatter from the
aluminum drive surface increased linearly with time delay. Scatter decreased during the shock and
rarefaction for TNT compared to the scatter measured during the preshock as shown in Fig. 8. The
normalized scattering signal goes negative during the shock and rarefaction, implying the scatter is

decreasing. We attribute the decrease in VIS scatter to increased VIS absorption from shock induced
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chemistry. The scattering results verify the VIS absorption measurements in Fig 5 at 46 GPa was from a

strongly absorbing feature, not scatter.
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Fig. 8. Comparison of the scatter from shock compressed TNT and aluminum. Scattering from the
aluminum drive layer increased during and after the shock. Scattering from TNT was negative during the

shock. The shape of the scattering curve for TNT implies there may have been some scatter (increasing
slope), but it is trivial compared to the absorption (negative offset).

3. MIR transient absorption spectroscopy
The low frequency MIR results at 16 GPa were similar to the VIS results; there were no significant
changes observed. Broadening and shifting of the NO, stretches were not perceived in this pressure range.
Static high pressure experiments have suggested that the vs-NO, should have shifted by 2.5 cm™/GPa, or
40 cm™.® The lack of frequency shifting behavior in the shocked MIR absorption experiment has been
observed before and attributed to increased temperature under shock loading, although our resolution is

similar to the expected frequency shift, 343 42 52

MIR results at 33 GPa contrasted VIS results. In the VIS region, the absorptions increased during the
shock and recovered during rarefaction. In the MIR region, the absorptions grew during the shock as well

as during most of the rarefaction. Partial recovery of the MIR transmission spectra was observed at the
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latest time delay of 250 ps. The v-NO, and v,-NO, mode vibrations showed only broadening of ~50 cm™
of the peaks, with no increased absorptions. A broad feature from 2,700-3,000 cm™ increased in absorption
as more material was shocked and continued increasing during rarefaction. There was some absorption on
the blue side of the CO; stretch, but this feature was most likely an extension of the absorption feature from
the hydrogenic stretch region. These MIR absorption results at 33 GPa particularly near the hydrogenic
stretches suggest there was partial chemistry induced in the sample, while VIS absorptions suggest simple
shock compression of the sample followed by recovery. Even in small concentrations, NH- and OH-
stretches have strong absorptions.>*®® Higher pressure experiments were performed to look for

enhancement of these changes.

TNT films shocked to 40 GPa showed both the vs-NO2 and va-NO2 mode vibrations broadening by 50-
100 cm*. Additionally, the va-NO, showed a slightly (37.5% compared to static) increased absorption that
did not recover upon release of the pressure. An 60% absorbing feature was observed from 1,550-2,700 cm’
! and did not recover during rarefaction of the sample. Additionally, an absorption feature grew in the
hydrogenic stretch region, but was less strong compared to either hydrogenic stretch feature present at 33
GPa or the feature that spanned the most of the MIR range (1,550-2,700 cm™) for this pressure. MIR and
VIS absorptions both exhibited irreversible changes induced in TNT that were constant or grew in strength

when the pressure was released.

The experimental MIR frequency region was shifted to 1,450-4,000 cm™ to focus on the hydrogenic
stretch region (>2800 cm™). TNT shocked to 32 GPa shows a similar hydrogenic stretch absorption feature
as that observed at 33 GPa. Centered at 3,300 cm™, a broadly absorbing feature was observed to grow
during the shock and for most of the rarefaction, except at the latest time delay. Again, the results for MIR
absorption changes were in contrast to VIS absorption changes at this pressure. A possible explanation is
that a small concentration of a strongly infrared absorbing intermediate, like an OH-stretch, is generated

that does not strongly absorb in the visible spectrum.>®’ It is possible that chemical intermediates form
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which absorb only in the ultraviolet. This MIR feature was enhanced when the shock drive pressure was
increased to 46 GPa. At 46 GPa, a broad strongly absorbing feature at >3,000 cm™ grew during the shock
and continued to grow and broaden during the rarefaction similar to the low frequency MIR range at 40
GPa. An explanation of this behavior is that some species with a strong hydrogenic stretch feature is
forming, but then is further reacting, generating short lived intermediates whose infrared spectra are
spectrally broad due to lifetime broadening. This result is similar to the broad product spectra observed in
the shock compression of nitromethane.®? Additionally, there are not many species or intermediates that
absorb in the 1,800-2,700 cm™ region for CHNO containing materials, implying that spectral broadening

due to short lifetimes may be needed to explain the spectra.®®

In summary, several of the features observed in these experiments on shock induced chemical
changes in TNT are: 1.) a nearly completely reversible VIS absorption was induced at 33 GPa pressures;
however, MIR absorptions did not show recovery, rather a strong absorption >2,800 cm™ was observed,
TNT shocked to >40 GPa showed 2.) strong, blue centered VIS absorptions with strong broadband MIR
absorptions from 1,550-4,000 cm™, 3.) NO; stretches mostly broadened, not strongly increased or decreased
in absorption, and 4.) shifting and broadening in the MIR bonds were not present at low shock pressures of
16 GPa.

Chemical mechanisms that are consistent with our results are the C-N homolysis pathway and CHs
oxidation. Both feature OH-bond formation as one of the first critical steps in TNT shock chemistry, which
agree with our results. C-H « attack and cyclization mechanisms are inconsistent with our experimental
results. Diels-Alder reactions are difficult to confirm with our results at it is uncertain what infrared

absorption features would be present in our observation ranges for a TNT dimer.

Conclusions
TNT films do not appear to chemically react in 175 ps when shocked to 16 GPa. TNT films exhibit

large VIS absorptions when shocked to 32 or 33 GPa for 150 ps that are reversible upon rarefaction, while
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broad MIR absorptions in the hydrogenic stretch region form that do not reverse upon rarefaction. TNT
films shocked to 46 GPa for 125 ps exhibit very strong and very broad absorptions over thousands of
wavenumbers centered in the hydrogenic stretch region and large VIS absorptions that are irreversible.
These observations imply that chemistry is occurring in less than a hundred picoseconds behind the shock
front in TNT shocked above 32 GPa that involves short lived strongly absorbing species such as hydrogenic
bonds to oxygen or nitrogen. This result is expected for mechanisms such as C-N homolysis or methyl

oxidation that form alcohol moieties.

Supplementary Material

The area analysis is shown in figures S1-S4. UDE impedance matched points are presented in tabular form

in Table S1.
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