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Time-resolved photoelectron imaging
of iodide–nitromethane (ICH3NO2)
photodissociation dynamics†
Alice Kunin,a Wei-Li Lia and Daniel M. Neumark*ab
Femtosecond time-resolved photoelectron spectroscopy is used to probe the decay channels of
iodide–nitromethane (ICH3NO2) binary clusters photoexcited at 3.56 eV, near the vertical detachment
energy (VDE) of the cluster. The production of I is observed, and its photoelectron signal exhibits a
mono-exponential rise time of 21  1 ps. Previous work has shown that excitation near the VDE of the
ICH3NO2 complex transfers an electron from iodide to form a dipole-bound state of CH3NO2 that
rapidly converts to a valence bound (VB) anion. The long appearance time for the I fragment suggests
that the VB anion decays by back transfer of the excess electron to iodide, reforming the ICH3NO2
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anion and resulting in evaporation of iodide. Comparison of the measured lifetime to that predicted by
RRKM theory suggests that the dissociation rate is limited by intramolecular vibrational energy redistribution
in the re-formed anion between the high frequency CH3NO2 vibrational modes and the much lower
frequency intermolecular ICH3NO2 stretch and bends, the predominant modes involved in cluster
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dissociation to form I. Evidence for a weak channel identified as HI + CH2NO2 is also observed.

I. Introduction
Anions with close-lying dipole bound (DB) and valence bound
(VB) states are of considerable interest in understanding how
closely spaced states with very diﬀerent electronic properties are
coupled to one another.1–3 This problem underlies the complex
dynamics of low-energy electron attachment to nucleobases4–7
and, more generally, reductive damage to DNA.8–10 DB and VB
transient anions formed by the capture of low energy electrons
have been implicated in the cleavage of covalent bonds in DNA
bases,6,11 but the roles of the two types of states are not yet fully
understood. The coupling between DB and VB states and the
apparent conversion of the DB anion to the VB anion of
nucleobases has been observed experimentally1,12–14 and studied
theoretically.15,16 Nitromethane, CH3NO2, is also capable of
forming both DB and VB negative ions,2,17 and as such it can
serve as a model system to better understand the formation of and
transition between DB and VB states in more complex molecules
such as nucleobases. Negative ion photoelectron spectroscopy
experiments on nitromethane are able to distinguish between the
two anionic forms,17 and in our group, time-resolved photoelectron
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imaging (TRPEI) experiments on binary clusters of iodide–
nitromethane (ICH3NO2) have demonstrated complete and
rapid conversion of the DB anion to the VB anion.18 In this work,
we employ TRPEI with a higher energy probe pulse to investigate
more closely the decay dynamics of ICH3NO2 clusters and
examine the dissociation channels that lead to formation
of I and other anion fragment products.
Nitromethane can capture low energy electrons to form DB
anions through vibrational Feshbach resonances,19,20 and the
VB anion is readily seen in the pulsed anion sources often used in
photoelectron spectroscopy instruments.17,21 The C–NO2 moiety is
nearly planar in the DB anion, just as in neutral CH3NO2,22 but
this group is pyramidal in the VB anion. The dissociative pathways
of these anions have been investigated in dissociative electron
attachment studies that have detected CH2NO2, NO2, CH3,
and O fragments, among others.23,24 The nitromethane anion
has also been shown to undergo rapid vibrational autodetachment
following excitation of one quantum into any of the C–H stretching
modes.25 Weber and co-workers found that in clusters of nitromethane anions with methyl iodide, excitation of a C–H stretching
mode in either constituent was able to induce dissociative electron
transfer to form I fragments.26
Binary clusters of iodide–nitromethane (ICH3NO2) have
also been studied as a model system to examine the dynamics
of electron capture and attachment to nitromethane and other
species which are also capable of forming both DB and VB
anions. Dessent and Johnson19 found that photoexcitation of
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ICH3NO2 near its vertical detachment energy (VDE) of 3.60 eV
yielded I and NO2 ion photofragments in a branching ratio of
25 : 1, a result that appeared to be approximately statistical
when the clusters were analyzed in frequency groups using
Rice–Ramsperger–Kassel–Marcus (RRKM) theory. In addition,
a photofragment species that was suggested to be the CH3NO2
DB anion was also observed, according to the results of field
detachment studies.19,27 Our research group has carried out
time-resolved experiments on ICH3NO2 clusters18 to gain
insight into analogous experiments on iodide–nucleobase clusters,
including iodide–uracil (IU),7,12,28 iodide–thymine,13,28 and
iodide–adenine.14
In our previous TRPEI work on ICH3NO2 clusters, these
species were excited with a femtosecond pump photon near the
VDE of the cluster to initiate charge transfer from iodide to the
nitromethane moiety and probed with a 1.56 eV near-infrared
femtosecond probe pulse in the following scheme:
hvpump

I  CH3 NO2 
! ½I    CH3 NO2 

(1)

hvprobe


! I  CH3 NO2 þ e ; I þ CH3 NO2 þ e

Formation of the cluster DB anion was observed within the
cross-correlation of the pump and probe laser pulses.18 This DB
feature was found to decay mono-exponentially on the order of
500 fs while the VB anion feature rise time was approximately
400 fs, providing experimental evidence that the DB anion acts
as a ‘‘doorway’’ and decays to form the VB anion. The VB anion
was found to decay bi-exponentially on the order of 2 ps and
1200 ps. This bi-exponential decay was attributed in part to
autodetachment, which produces electrons with nearly zero
kinetic energy. However, several other decay channels are also
possible,18,19,27 including29
hvpump

I  CH3 NO2 
! ½I    CH3 NO2 
! I þ CH3 NO2

DE ¼ 0:57 eV

CH3 NO2

DE ¼ 0:76 eV

! CH3 I þ NO2

DE ¼ 1:62 eV

!Iþ

! HI þ CH2 NO2

(2)

II. Experimental methods
The TRPEI apparatus has been described in detail previously,37,38
but is briefly summarized here. ICH3NO2 clusters were formed
by passing 400 kPa of argon gas over a reservoir of iodomethane
vapor and an ice-chilled reservoir of liquid nitromethane through
a 500 Hz pulsed Even-Lavie valve equipped with a water-cooled
jacket. The gas was supersonically expanded into vacuum
through a ring electrode ionizer. The resulting anionic clusters
were perpendicularly extracted using a Wiley-McLaren time-offlight mass spectrometer39 and mass-selected to isolate the desired
ICH3NO2 binary clusters.
The mass-selected clusters were excited and photodetached
by femtosecond ultraviolet pump and probe laser pulses whose
delay was controlled by a delay stage. A KM Labs Griﬃn
Oscillator and Dragon Amplifier generated 1 kHz, 40 fs pulses
centered at 790 nm with 1.9 mJ per pulse. These were split
between a Light Conversion TOPAS-C optical parametric amplifier to generate 11 mJ pump pulses at 3.56 eV (348 nm), and
a frequency-doubling set-up to generate 30 mJ probe pulses
at 3.14 eV (395 nm). The cross-correlation of the pump and
probe laser pulses measured outside the chamber was approximately 185 fs.
Photoelectrons were analyzed using a velocity map imaging
apparatus;40 photoelectrons were detected using position-sensitive
chevron-stacked microchannel plates coupled to a phosphor screen
and imaged by a charge-coupled device camera. The photoelectron
kinetic energy (eKE) distributions were reconstructed using the
basis-set expansion (BASEX) method.41

DE ¼ 2:60 eV

In the present TRPEI study, a 3.14 eV probe pulse was used to
interrogate ICH3NO2 clusters following photoexcitation near the
cluster VDE. This higher probe photon energy makes it possible to
observe the formation of dissociation products with larger electron
binding energies (eBEs), including iodide (eBE = 3.059 eV) and
NO2 (VDE = 2.273  0.005 eV).30 Photodetachment from
I was observed with a rise time of 21  1 ps. There is also
evidence observed for weak production of the nitromethide
anion, CH2NO2 (VDE = 2.635  0.010 eV).31,32 The DB and
VB states of ICH3NO2 were also observed and measured to
rise and decay with time constants similar to those of our
previous work.18 The long iodide rise time was modeled using
RRKM theory to calculate the statistical unimolecular decay
lifetime of ICH3NO2 clusters, which were calculated to form
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I in 294 fs following a pump excitation energy of 3.56 eV. The
discrepancy between the experimental rise and the statistical
result here may reflect weak coupling between intramolecular
and intermolecular modes, leading to slowed intramolecular
vibrational energy redistribution (IVR) in the cluster.33–36 The
results here suggest that the VB anion decays not only via autodetachment, but also by electron back-transfer to I to eventually
evaporate I after slow IVR, and possibly via a minor alternative
pathway to form HI and the nitromethide anion.

III. Results
Photoelectron spectra of ICH3NO2 at 3.56 eV pump excitation
energy and 3.14 eV probe energy are shown at selected delay
times in Fig. 1. The spectra are dominated by two partially
overlapped features, A and B, at eKE values below 0.2 eV, but
there are several additional weak time-dependent features that
are magnified in the various insets. Feature A, near zero eKE,
is apparent at negative time delays when the probe precedes the
pump pulse and also at zero delay, while feature B, at a slightly
higher eKE of 0.08  0.05 eV, grows in over tens of picoseconds
and is very intense. The time-resolved photoelectron spectrum
for the overlapped features A and B at 3.56 eV pump excitation
energy and 3.14 eV probe energy is shown in Fig. 2; the y-axis
is electron binding energy (eBE), where eBE = hnprobe  eKE.
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Fig. 1 Photoelectron spectrum of ICH3NO2 at 3.56 eV pump and 3.14 eV
probe at selected delay times.

Fig. 2 Time-resolved photoelectron spectrum for features B (eBE = 3.06 eV)
and C (eBE = 2.64 eV) at pump–probe delays for ICH3NO2 at 3.56 eV pump
excitation energy and 3.14 eV probe energy.

This plot shows feature B growing in at an eBE of 3.06 eV. Fig. 3
shows the time-dependent normalized integrated intensity of
feature B from the photoelectron spectrum in Fig. 2. Feature A
is located near zero eKE and is present even in the absence of the
probe pulse. Based on these attributes and our previous results,
feature A is assigned to autodetachment from pump-excited
ICH3NO2. From the binding energy of feature B, its narrow width,
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Fig. 4 Normalized integrated intensity of feature C at short time delays from
excitation of 3.56 eV vs. delay time. The rise time for feature C is 2.1  0.2 ps.

and its integrated time-dependence, we assign feature B to photodetachment of atomic iodide produced by the dissociation of
photoexcited ICH3NO2.
Feature C is a weaker time-dependent feature near 0.5 
0.05 eV eKE and appears to be relatively narrow as seen in the
inset. Feature C is also apparent in Fig. 2 as a low intensity
feature appearing at positive time delays with an eBE of 2.64 eV.
The time-dependent normalized integrated intensity for the rise of
feature C is shown in Fig. 4, and the long-time decay dynamics are
shown in Fig. S1 (ESI†). Two of the larger remaining peaks in the
spectrum, feature D near 1.75 eV and feature F near 2.7 eV, do not
exhibit any time-dependence, so no inset is provided. The timedependent and broad feature E, between 1.8 eV eKE and 2.6 eV
eKE, has some contributions to its intensity on either side of this
range from features D and F. Feature G, near 3.1  0.1 eV eKE, is
also time-dependent but very weak and narrow. The normalized
integrated intensities showing the rise and decay dynamics for
features E and G are shown in Fig. S2 and S3 (ESI†), respectively.
Feature C corresponds in eBE and in spectral shape relatively
well to photodetachment from the bare nitromethide anion,
CH2NO2,31 which is an energetically accessible channel according
to eqn (2). Features D and F correspond to direct detachment from
ICH3NO2 by two probe photons to form I(2P1/2)CH3NO2 and
I(2P3/2)CH3NO2, respectively. The eKEs of features E and G
indicate that they are from probe-induced detachment from the
VB and DB anions generated by the pump pulse, as discussed
in our previously published results.18

IV. Analysis
To capture the rise and decay of features B, C, E, and G, the timeresolved signals are fit to the convolution of a Gaussian experimental response and multiple exponential functions using eqn (3).
8
I ;
to0

 >
< 0
2
1
t
 
pﬃﬃﬃﬃﬃﬃ exp
IðtÞ ¼

> I0 þ P Ai exp t ; t  0
2sCC 2 :
sCC 2p
ti
i
(3)
Fig. 3 Normalized integrated intensity of feature B from excitation at 3.56 eV
vs. delay time. The rise time for feature B is 21  1 ps.
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I0 is the signal background, sCC is the Gaussian full width at the
half-maximum given by the cross-correlation of the pump and
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probe laser pulses, Ai is the coeﬃcient for each exponential
term, and ti is the lifetime for each rise or decay exponential.
Fig. 3 shows the fit of eqn (3) to the integrated intensity of I.
The I feature has a mono-exponential rise time of 21  1 ps
and does not exhibit any decay. The fit to feature C, tentatively
assigned to CH2NO2, is shown in Fig. 4 at delay times out to
12 ps, and longer time results are shown in Fig. S1 (ESI†).
Feature C exhibits a rise time of 2.1  0.2 ps, and fits to a monoexponential decay which is longer than the timescale of this
experiment (1000+ ps). Feature E, the VB anion, exhibits a rise
time of 0.33  0.15 ps and a bi-exponential decay of 2.2  0.3 ps
and 1100  700 ps. Feature G, the DB anion, rises very quickly,
within the cross-correlation of our pump and probe laser
pulses, and decays mono-exponentially in 0.88  0.22 ps. These
rise and decay times for the DB and VB anions are within the
error bars of our previously reported values, a cross-correlation
limited DB rise and 0.63  0.11 ps decay, and a VB rise of
0.37  0.04 ps and bi-exponential decay of 2.3  0.2 ps and
1100  200 ps following photoexcitation at 3.55 eV.18 The
results match relatively well despite the lower signal intensity
for the DB and VB features in the present study.
The long lifetime of the I feature suggests a statistical
mechanism may be relevant here, in which, for example, the iodide
is ejected from highly vibrationally excited ICH3NO2 formed
subsequent to UV excitation. To test this, we have employed
Rice–Ramsperger–Kassel–Marcus (RRKM) calculations42,43 to
model the lifetime for statistical unimolecular decay of ICH3NO2
to I + CH3NO2. RRKM theory calculates the microcanonical rate
constant, k(E), for statistical unimolecular dissociation for a
species at a given energy E via eqn (4).
kðEÞ ¼

G ðE  E 0 Þ
h  NðEÞ

(4)

here N(E) is the density of states of the reactant, G(E  E0) is the
sum of states of the transition state, where E0 is the zero point
energy (ZPE) corrected energy difference between the reactant
and transition state, and h is Planck’s constant. E is the
maximum energy provided to the system, taken to be the pump
pulse energy.
The details of the calculations performed in this work using
the Gaussian 09 computing package44 may found in the ESI.†
The calculated potential energy surface at the MP2/aug-cc-pVDZ
level for dissociation of ICH3NO2 to form I and CH3NO2 is
shown in Fig. S4 (ESI†). The calculated sum and density of
states from the Beyer–Swinehart algorithm45 and rate constant
k(E) for pump excitation at 3.56 eV are given in Table S1 (ESI†).
The loose transition state expected for this reaction is located
variationally, in order to yield the lowest calculated k(E).46 With
corrections made to appropriately treat low-energy hindered
internal rotor modes, RRKM theory calculates statistical unimolecular decay for ICH3NO2 to occur in approximately 294 fs
following pump excitation at 3.56 eV, and with all modes
simply treated harmonically this lifetime is 414 fs. This result
is considerably faster than the experimental result of iodide rise
time of 21  1 ps following pump excitation at 3.56 eV; this
discrepancy is explored in more detail in the following section.
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V. Discussion
The work presented here provides new insights into the dynamics
of photoexcited ICH3NO2 complexes. Using a higher probe
photon energy, 3.14 eV, than in our previous TRPEI experiment,
we are able to observe very prominent, time-dependent I
production with a rise time of 21  1 ps, as well as a much
weaker feature that appears to correspond to CH2NO2 production with a rise time of 2.1  0.2 ps; neither of these species
could be photodetached in our previous study at 1.56 eV probe
energy. The cluster DB and VB anions are also observed, with
similar time-dependence as reported previously.18
The intensity of the iodide signal in Fig. 1 is significantly
greater than that of any other feature in the spectrum, even
with the intensity of the autodetachment feature A removed.
The iodide feature is approximately 30 times more intense than
either the nitromethide anion or the VB anion, and 130 times
more intense than the DB anion. The photodetachment cross
section of iodide at 314 nm is approximately 3  1017 cm2,47
compared to a typical molecular cross section of approximately
0.7  1018 cm2 for NO2 at 314 nm.48 If the photodetachment
cross section for the VB anion is similarly on the order of
1018 cm2, this would indicate that despite its high photoelectron
signal intensity, I is present in an approximately 1 : 1 ratio with
the VB anion. Note that the VB CH3NO2 anion may or may not
be complexed with the neutral I atom; the two cannot be readily
distinguished in our TRPE spectra.18 In any case, dissociation
to I + CH3NO2 is a major channel whose dynamics are now
accessible to our experiment.
We next examine possible mechanisms for I formation.
Previous work applying TRPEI to iodide–uracil (IU) clusters
showed that photoexcitation near the VDE transfers the excess
electron to the uracil, forming a temporary negative ion that
decays by autodetachment12 and by back-electron transfer to
the I;49 the latter process results in vibrationally excited IU
from which the I is ejected. A similar mechanism is likely for
ICH3NO2, since photoexcitation is known to initiate electron
transfer to the CH3NO2, leading to a DB state that converts
within approximately 500 fs to a VB state. The VB signal (also seen
here as feature E) decays bi-exponentially with time constants
of 2 ps and 41 ns. The amplitude of the VB signal drops by
about 80% within 2 ps. Given the large I signal seen here,
it seems reasonable to attribute most or all of this drop to backelectron transfer, re-forming ICH3NO2 which subsequently
fragments.
The dissociation rate of ICH3NO2 to form I was found not
to match the predictions of RRKM statistical unimolecular decay;
the calculated and experimental lifetimes are 294 fs and 21 ps,
respectively. In the case of IU, the RRKM lifetime of 8.6 ps was
also less than the experimental lifetime of 86  7 ps,49 but the
discrepancy here is about a factor of 7 larger. A key tenet of RRKM
theory is that vibrational energy is randomly distributed and
that this IVR is fast and complete on the timescale of the unimolecular reaction. This condition is unlikely to be satisfied
given the sub-ps RRKM lifetime, suggesting that dissociation is not
the rate-limiting step in I production even without considering
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the discrepancy with experiment. Given the large disparity
between the I experimental rise time and the RRKM statistical
decay calculations presented here, either back-electron transfer
or IVR must be the rate-limiting step to dissociation.
If back-electron transfer from the VB anion to reform
ICH3NO2 is the rate-limiting step, there would need to be
some charged, intermediate state corresponding to the precursor
of ICH3NO2. While the dynamics of the ICH3NO2 electronic
ground state species are challenging to observe uniquely from
the direct detachment signal and the bare CH3NO2 anion, there
does not appear to be any signal in the TRPEI spectrum
corresponding to a charged species from a delayed chargetransfer intermediate. Thus, we turn our attention to the process
of IVR in the ICH3NO2 cluster.
It is likely that back-electron transfer from the VB state of
CH3NO2 leads to considerable vibrational excitation of –NO2
wagging and stretching modes in the re-formed ICH3NO2,
since the C–NO2 moiety is pyramidal in the VB anion and
planar in the neutral. As determined by the calculations here†
and presented in Table S2 (ESI†), ICH3NO2 clusters have
three low frequency (o100 cm1) modes corresponding to an
iodide–nitromethane stretch and two approximately symmetric
iodide–nitromethane bends. All other modes in the system are
nitromethane internal vibrational modes with considerably
higher frequencies, with the exception of the 27.4 cm1 frequency associated with the internal methyl rotor. The question
then is whether vibrational energy flow from the high frequency
intramolecular modes excited by back-electron transfer into the
low-frequency modes needed for dissociation will be the ratelimiting step for fragmentation to I + CH3NO2.
One can gain insight into this issue from the extensive
experimental and theoretical studies of gas phase SN2 reactions
X + CH3Y - CH3X + Y, where X and Y are typically halogen
atoms but can also be molecular species.34,35,50 These reactions
proceed via XCH3Y and YCH3X ion-dipole complexes separated by a barrier. Classical trajectory calculations by Hase36,51
have shown that vibrational energy flow between the low-frequency
intermolecular modes and high-frequency intramolecular modes
of these complexes can be very ineﬃcient and acts as a ‘‘dynamical
bottleneck.’’ As a result, randomization of vibrational energy
therefore often does not occur during the course of a reactive
(or non-reactive) collision. This leads to non-statistical dynamics
that are experimentally observable, such as deviations in the
measured product angular and energy distributions from
statistical models,52,53 or a non-statistical dependence of the
rate constant on the internal energy of the reactants.54
In the SN2 studies, a bimolecular collision X + CH3Y
collision is likely to lead to excitation of the low frequency
intermolecular modes of the XCH3Y complex, with vibrational
energy flow into the higher frequency intramolecular modes
acting as a dynamical bottleneck. We propose that our experiment presents the opposite scenario, with the bottleneck between
the initially excited CH3NO2 modes and the low-frequency
ICH3NO2 intermolecular modes limiting the dissociation
rate. This scenario has indeed been described in trajectory
studies on the unimolecular dynamics of the ClCH3Br and
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BrCH3Cl complexes,36 where, for example, the dissociation
lifetime of the latter complex when there is significant intramolecular excitation was found to exceed 25 ps, considerably
exceeding the calculated RRKM lifetime of 0.5 ps.
The following scheme describes the overall proposed
mechanism:
hn pump


I  CH3 NO2 ! ½I    CH3 NO2 
DBS ! ½I    CH3 NO2 VBS
e transfer

IVR



½I    CH3 NO2 
! I  CH3 NO2 ! I
VBS ! I  CH3 NO2 

þ CH3 NO2
(5)
Hase and co-workers are currently carrying out trajectory calculations on ICH3NO2 to test the proposed mechanism. We note
that if the argument about the dynamical bottleneck limiting
the dissociation of ICH3NO2 is confirmed, it is also likely to
apply to the discrepancy between the experimental and RRKM
dissociation lifetimes in IU.49
In their investigation of the photoexcitation of ICH3NO2,
Johnson and co-workers19,27 also observed formation of NO2
and CH3NO2 anion photofragments. NO2 photofragments were
reported to be observed in an approximately statistical 1 : 25 ratio
with I photofragments. NO2 was not observed in the present
TRPEI study, and given this branching ratio in addition to
the cross sections cited above, photodetachment signal corresponding to NO2 is expected to be more than 1000 times weaker
than the iodide signal observed here, essentially undetectable.
The CH3NO2 anion, if formed here, may not be distinguishable
from the ICH3NO2 complex as the nitromethane VB anion and
iodine-associated VB anion are similarly bound (eBE = 0.9 eV for
CH3NO2 VB anion),17 making it challenging to observe when
photoelectron spectroscopy is the primary product characterization method.
A weak signal that appears to correspond to the nitromethide anion was also observed in the current experiment,
indicating that a CH2NO2 + HI decay channel may also exist.
In the IU study, photofragment action spectra collected for
IU showed the formation of [U–H] photofragments following
photoexcitation near the VDE of the cluster, with I as the
primary photofragment and [U–H] as a minor product. [U–H]
was not observed in the time-resolved studies likely as a result
of low production efficiency and a small photodetachment
cross section for the species. In the present study, the possible
formation of nitromethide anion in 2.1  0.2 ps suggests that
CH2NO2 may form as part of the VB anion decay due to the close
match-up of lifetimes. Note that the production of CH2NO2 is
only energetically accessible when the HI fragment is also formed;
the C–H bond is too high in energy for CH2NO2 to be a feasible
product otherwise.

VI. Conclusions
TRPEI has been used to probe the decay dynamics of ICH3NO2
binary clusters excited at 3.56 eV, near the cluster VDE of 3.60 eV.
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The formation of I was observed with a rise time of 21  1 ps.
This channel is attributed to photoexcitation in which the excess
electron is transferred from the I atom to form ICH3NO2,
followed by back-electron transfer to re-form vibrationally excited
ICH3NO2 that then dissociates to I + CH3NO2. Statistical
calculations employing RRKM theory yield a substantially shorter
lifetime of B300 fs as compared to the experimental value,
suggesting the presence of a dynamical bottleneck to unimolecular
dissociation. This bottleneck is most likely from ineﬃcient vibrational energy transfer from the intramolecular CH3NO2 vibrations
excited by the back-electron transfer to the low-frequency intermolecular modes that must be energized for dissociation to occur.
This result is commensurate with previous theoretical work on gas
phase XCH3Y complexes for halogens. In addition, a weak signal
associated with CH2NO2 + HI production was observed with a rise
time of 2.1 ps.
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