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Abstract: The water adducts of Triacetone triperoxide (TATP) have
been observed using broadband rotational spectroscopy. This work
opens a new way for the gas phase detection of this improvised
explosive. The observed clusters exhibit unusual water dynamics
and rarely observed multicenter interactions. TATP-H,O is formed
from the D; symmetry conformer of TATP with water lying close to
the C; axis. Water rotation around this axis with a very low barrier
gives rise to the rotational spectrum of a symmetric top. The main
interaction of the monohydrate is a four-center trifurcated O,-H---O
hydrogen bond, not observed previously in the gas phase, reinforced
by a weak four-center C-H-:-O,, interaction. Surprisingly all structural
signatures show the weakness of these interactions. The complex
TATP—(H,0), is formed from the monohydrated TATP by the self-
association of water.

Introduction

Triacetone triperoxide (CgH10s, TATP, Scheme of Figure 1)
forms part of the group of peroxide-based explosives that
detonate following an entropy-driven process.['"! TATP could be
used both as primary explosive and main charge® but its
sensitivity and rapid sublimation discourage its use for
commercial or military purposes. However, its ease of
synthesis"? and difficulty of detection®4 has made this
compound to be a choice for the improvised explosive devices
used by terrorists. Peroxide explosives have no aromaticity, nitro
groups, or metallic elements so they are practically undetectable
by direct UV-VIS absorption or fluorescence methods. Therefore,
the need for rapid and highly selective detection methods for
both prevention and forensic identification of these compounds
has given rise to an intense activity of research on analytical
methods. These include mass spectrometry techniques®? and
ion mobility spectrometry,® multiphoton electron extraction
spectroscopy’®, or IR laser spectroscopy methods.[l Portable
and selective systems are still under development as those
using fluorescence®'® and other types of sensors.['-"%]
However, the signature of TATP is only clearly visible from bulky
mass spectrometers.

One interesting property of TATP is its relatively high volatility,
compared to other explosives, which makes it adequate for
vapor detection® including gas-phase spectroscopic methods
such as rotational spectroscopy. This includes a variety of
techniques, which record the spectra associated with transitions

between rotational states, which occur in the microwave (MW)
region.
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Figure 1. Scheme of triacetone triperoxide (TATP). The D3 and C. symmetry
conformers and the most stable complexes with water. DFT energies relative
to the global minima are also given.

The application of this technique was mainly limited to stable
molecular specimens of moderate size with a permanent dipole
moment and possessing appreciable vapor pressures. However,
the development of Fourier transform microwave (FTMW)
spectroscopy in combination with supersonic-jet expansion
techniques has contributed to overcome many of these
drawbacks with reinforced high resolution and sensitivity.['6-19
Challenging molecular systems including a variety of weakly
bound molecular complexes, in situ prepared unstable molecular
species or solid biomolecules, generated by using electrical
discharge or laser ablation respectively have been studied. The
rotational spectra of very low dipole moment systems are now
accessible, and the detection of molecules with zero dipole
moment is possible if the molecule can form adducts with polar
ligands as water.?% Thus at present, FTMW spectroscopies can
be considered as the most definitive gas-phase structural probes.
They make possible the unambiguous discrimination between
different isomers, also including tautomers, conformers, or
isotopomers. The spatial mass distribution of such species have
unique spectroscopic constants and distinct individual rotational



spectra, a key feature that makes these techniques to be
powerful tools?'?2 in cases where other techniques may
struggle.

The rotational study of TATP or any species related to it involves
previous consideration of its structure to have reasonable sets of
rotational constants and electric dipole moment components,
which allow the prediction of the spectra. Previous experimental
studies of TATP[324 have reported the existence of two
conformers with D3 and C, symmetries (Figure 1), the first
having a 95% of abundance in solution at room temperature(?4
and no dipole moment. For the second one, the electric dipole
moment is close to zero. Although dipole moment in TATP is
canceled by symmetry, it can be expected the having six oxygen
atoms that can act as hydrogen bond (HB) acceptors the
formation of complexes with polar molecules as water would
render TATP accessible through FTMW spectroscopy. However,
it has been reported that TATP oxygen atomsl' can be
encapsulated by their hydrophobic environment hindering the
formation of the TATP microsolvates through OH--O HBs. In this
context, we have explored the spectra of TATP in a supersonic
jet using broadband CP-FTMW spectroscopy trying to observe
their hydrated adducts. Their detection would additionally allow
us to explore the structure and properties of this challenging and
elusive system.
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Figure 2. The rotational spectra observed for TATP with the assignments to
TATP-H20 (quantum numbers in black) and TATP—(H20). (quantum numbers
in blue) adducts.

Results and Discussion
Analysis of the Rotational spectrum

Before the investigation of the rotational spectrum of TATP
exploration of the potential energy surfaces of TATP and its
microsolvated clusters was done using theoretical methods to
investigate the possible conformers, their relative energies, and
their spectroscopic parameters. The complete exploration was
done at B3LYP-GD3/6-311++G(2d,p) level. Additional
calculations at the MP2/aug-cc-PVDZ level were done only for
the most stable forms. The complete results are given in the
supplementary information (see Tables S1-S4). The clusters
with one or two water molecules and TATP in the D3 and C,
forms were explored. For the D; configuration, the two

WILEY-VCH

conformers shown in Figure 1 were found. In the global
minimum, labeled TATP-H,O |, water lies close to the C3 axis of
TATP with one of the O-H bonds practically aligned with this axis.
In the second form, TATP-H,O I, water approaches TATP from
a side perpendicularly to the C; axis. Structurally similar adducts
formed from the monomer in the C, form were found to have
much higher energies (9-10 kd/mol). For the dihydrated TATP
adducts, the DFT calculations predict that the most stable
clusters, shown in Figure 1, were those formed from the most
stable monohydrated cluster by self-association of water. The
cluster with both water molecules lying close to the Cs axis on
opposite sides of TATP was found to be 8.3 kd/mol higher in
energy. The most stable conformers found for the mono and
dihydrated clusters were predicted to have reasonably high
electric dipole moments.
In this work, we have explored the rotational spectrum of TATP
using broadband chirped-pulse FTMW  (CP-FTMW)
spectroscopy. The spectrum taken directly from the sample of
TATP is shown in Figure 2. The most prominent line series,
observable without any water vapor addition, corresponds to the
K = 0 lines of the successive J+1 « J transitions of a symmetric
top. No lines corresponding to other K values were observed.
According to this assignment, the observed frequencies fit to the
simple equation:

Visiey = 2B(J+1) — 4D, (J+1)2 (1)
From which the rotational constant B and the centrifugal
distortion constant D, given in Table 1 were easily obtained.

Table 1. The rotational parameters of all the observed isotopologues of
TATP-H20 adduct (see Figures 3 and 4 for atom labeling)

Symmetric top B/MHZz! Dy/kHz n olkHz
CoH1806—H20 542.471250(21) 0.01760(17) 7 0.5
CoH1806—H2"80w 531.637511(24) " [0.0176]° 6 0.9
CoH1806—Dw1OH 540.097110(90) [0.0176] 5 1.9
CoH1806—HODw2 535.69889(23) [0.0176] 5 4.9
CoH1806-D20 533.41875(16) [0.0176] 5 3.3
CyD180s—HOH 473.22611(54) [0.0176] 5 4.0
Asymmetrictop ~ 8Cy-TATP-H20  ¥C1o-TATP-H0  3C44-TATP-H20
A/MHz @ 542.44647(21) 541.99307(17) 541.29217(26)
BIMHz 540.19971(24)  537.24291(20)  536.68841(29)
CIMHz 438.765(66) 437.081(15) 437.174(23)
Dy/kHz 0.0173(22) 0.0188(18) 0.0163(27)
Dr/kHz 0.0326(52) 0.0473(41) 0.0304(64)
n 24 20 22
olkHz 4.2 2.0 3.6
Paa IUA 577.848(87) 582.252(22) 582.011(31)
Py /uA 573.974(87)9 574.007(22) 574.002(31)
Pec JuA 357.693(87) 358.438(22) 359.651(31)

[l A, B, and C are the determinable rotational constants. Dy and Dk are
centrifugal distortion constants. n is the number of lines observed. c is the rms
deviation of the fit. Pu (= a, b or c) is the planar moments of inertia derived
from the moments of inertia la, as Pop=(la-l+lc)/2. ®! Standard errors in
parenthesis are given in units of the last digit. [ Constants in square brackets
fixed to the parent species values. [ The C rotational constant of the parent
species can be estimated as 440.24(2) MHz from the '3C rotational spectra
planar moments Pob (Ic=2Pps(C)-la+lb = 2Ppn(13C)).

The most stable form of TATP is an asymmetric top but has no
dipole moment. The experimental value of B = 542.471250(21)
MHz is far from the value calculated for bare TATP, which is a
symmetric top with a B rotational constants predicted to be close
to 675 MHz. However, the experimental B value is comparable
to those calculated at different levels for the most stable
conformer of the complex TATP-H20 | that are listed in Figure 3.
In this complex, TATP is in its Ds configuration and water lies
close to the C3 symmetry axis, which in turn is coincident with



the c principal inertial axis of TATP. The theoretical equilibrium
structure corresponds to a near-oblate asymmetric rotor with
slightly different A and B rotational constants (see Figure 3).
The identification of the observed symmetric rotor species with
the predicted TATP-H,O | complex is thus only possible by
assuming that water is almost freely rotating around the TATP ¢
axis (see Figure 3). Relaxed scans, done to explore the energy
profile of TATP-H,O for the rotation of water around the C;
symmetry axis, give a three-fold periodic potential energy
function with three equivalent conformations and barriers close
to 200 cm™ that can be seen in Figure 3. Using a three-fold
periodic function, the flexible model of Meyer? shows that for a
wide range of barrier values, the rotational constants of the
ground vibrational state average to those of a symmetric top as
summarized in Figure 3. Besides the p, and py electric dipole
moment average to zero and only . is different from zero in
good agreement with the experimental observations. Thus,
under this dynamical perspective, the complex TATP-water can
be considered as an effective C; symmetry species behaving as
an effective symmetric rotor.
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Figure 3. The predicted B3LYP-D3/6-311++G(2d,p) (DFT) and MP2/aug-cc-
pVDZ (MP2) three-fold periodic potential energy functions for the internal
rotation of water around the bonded O-H bond, described by the angle «. For
such a water rotation it can be shown (see text) that the effective ground state
rotational constants of TATP-H20 average to those of a symmetric top.

This identification of the TATP-H,O conformer was confirmed
from successive experiments using isotopically enriched
samples as C9H1805—H2180, CgH1806—DW1OH, CgH1806—HODW2,
CoH1506-D,0 and CgD'®0s—H,0, all of them behaving as
symmetric rotors. On the other hand, the '3C isotopologues are
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expected to be slightly asymmetric tops spectra.”s! For an
effective C; symmetry, there are only three different
monosubstituted '*C isotopologues which were observed in their
natural abundance. The rotational parameters of all these
isotopologues are given in Table 1. The observed planar inertial
moments of the '3C isotopologues (2P, ~ I;) allow estimating the
C rotational constant for TATP-H,O as C = 440.24(2) MHz in
good agreement with the value calculated at MP2/aug-cc-pVDZ
level (see Figure 3).

Table 2. The observed rotational parameters of TATP—(H20)2 compared to

those calculated at B3LYP-D3/6-311++G(2d,p) (DFT) and MP2/aug-cc-pVDZ
(MP2) levels of theory for the most stable forms.

Parameter [? Exp. DFT MP2
AIMHz 507.53454 (52)®! 506.2 510.90
B/MHz 407.351859(85) 415.8 417.26
C/MHz 362.044078(94) 367.1 368.13
Dy/kHz 0.01353(47)

| ttal/] poo)/| ) /D +/-/- 4.0/1.0/1.6 4.0/1.0/1.4

n 81
c 3.6

2 A, Band C are the rotational constants. D, is a centrifugal distortion constant.
Ha, b and g are the electric dipole moment components (in Debye); (+) or (-)
reflect the selection rules observed. n is the number of measured lines. o is
the rms deviation of the fit. ® Standard errors are given in parenthesis in units
of the last digit.

A weaker asymmetric rotor spectrum (see Figure 2) consisting of
groups of evenly spaced u,-type R-branch transitions was also
assigned. The rotational lines were analyzed using the semirigid
rotor Hamiltonian of Watson?”! The corresponding rotational
constants given in Table 2 are comparable to those calculated
for the three most stable forms of TATP—(H.0).. The observation
of the spectra of the CgH130—H2180—H20, C9H180—H20—H2180,
C9H180—DOH—H20, C9H1305—H20—DOH and CgH1305—DOH—
DOH isotopologues (see Table S5) confirms the identification of
the spectrum as either one of the two most stable forms TATP—
(H20)2 | or TATP—(H20), Il. A relaxed scan over the rotation of
the central water molecule around the Cj axis of TATP predicts
a barrier to interconversion between these conformers of 138
cm™ (see Figure S3) A collisional relaxation process in the
supersonic jet, allowed by a barrier < 400 cm-1,?8 could explain
the observation of only the most stable form, assumed from now
on to be TATP—(H20), I. All the measured frequencies for both
TATP-H,O and TATP-(H,0), are given in the Supplementary
Information, Tables S13-S16.

Structure

The rs substitution method of Kraitchmanl®3% is a purely
experimental approach that allows us to locate directly the
substituted atoms of a molecule or adduct. It gives the absolute
values of the substituted atom coordinates in the principal
inertial axis system of the parent molecule. The signs of the
coordinates can be taken from a reasonable molecular structure.
Multi-isotopic information can be also used to get an effective
ground state rp structure. Bond distances and angles are in this
case obtained from a least-squares fit of all of the available
rotational parameters.'l

For TATP-H,O the effective Cs; symmetry reduces the
determinable structural parameters to only the ¢ coordinates for



water atoms. Thereby, the high symmetry also reduces the
number of independent structural parameters of TATP,?8 there
are only two distinct C-C or C-O bonds and two different methyl
groups. The rs ¢ coordinates of the water atoms calculated from
the I, inertial moments from Kraitchman equations!?®% are given
in Figure 4. Using these coordinates we have subtracted the
inertial contributions®®? of water atoms to obtain the rotational
constant of bare TATP which are compared in Table 3 with
those calculated from the theoretical and ry structures of TATP-
H20. These constants are better reproduced by the MP2/aug-cc-
pVDZ structure so we have used it as initial in the determination
of the ry structure of TATP-H,0.

As has been demonstrated for high-symmetry molecular species,
a relatively small number of measured isotopologues makes not
prohibitive the determination of a reliable molecular geometry if
molecular symmetry is considered. In the case of TATP-H,0, the
C; effective symmetry can be taken into account by declaring the
parameters associated with the different C, O, and H atoms in a
centrosymmetric way as shown in Figure S1. Besides, the
projection of the non-bonded H,,, atom on the c¢ axis has been
considered instead of its real position. However, even with those
simplifications, several parameters ought to be kept fixed. These
parameters, including those associated with the C—H bonds,
were fixed to the MP2/aug-cc-pVDZ equilibrium structure values.
A least-squares fit of all the available experimental constants
was done. The fitted centrosymmetric parameters were then
converted into the chemically relevant structural parameters.
The structural parameters associated with the location of water
in TATP-H,O are summarized in Figure 4. All the fixed and fitted
centrosymmetric parameters as well as the bond distances and
angles are listed and compared to the theoretical structures for
the most stable TATP-H,O | in Table S7. Tables S6-S8 collect
all the structural results and compare them to the theoretical
structures and the X-ray structure of the monomer.["!

Table 3. Results of the estimation of the rotational constants of bare TATP
reflecting the structure of this molecule in the observed TATP-H20 complex.

Exp. DFT MP2 o
A/MHz 674.46(5)2°  672.9 675.7 674.41
B/MHz 674.46(5) 672.9 675.7 674.41
CIMHz 440.24(2)° 437.3 440.7 440.18

@ A or B rotational constants for the monomer estimated by subtracting the
inertial contribution of water atoms in the monohydrated complex from the rs
coordinates (see Table S6). ® Estimated or standard errors in parenthesis are
given in units of the last digit. ¢ Estimated from the planar moments Py, of °C
species of TATP-H20 by assuming very small changes upon complexation.

From both the rsand rp data one could expect that water location
in TATP-H.O is reliable. However, the determination of the
position of hydrogen atoms, expected to be more affected than
oxygen by water dynamics, deserves some discussion. The
difference of 0.338(1) A between the r; ¢ components of the non-
bonded hydrogen atom H., and the O, atom of water suggest a
precession of the bonding O,-Hy+ bond around the C;symmetry.
A small precession angle of 6° can be estimated by assuming
that the HOH atom of water is not altered upon complexation
(see ‘Figure 4). The rs(Ow-Hwi) distance of 1.069(1) A is
somewhat large considering the standard ry(O-H)=0.965 A of
water®¥ even if this bond might be enlarged by hydrogen
bonding. However, there is no indication from theoretical
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calculations for appreciable lengthening of this bond on
complexation. Thus, some shortening of the ry(Oyw:*-x4) distance
from the water oxygen atom to the TATP center of mass, at
point x4 (see Figure 4), due to the Ubbelohde effect’®! would be
expected. A shortening value of Ar(O,:-x1)= -3.7 mA is
calculated from the simple expression:

ABops - ABgaic = (0BI10r(Oy+~x1)) Af(Ow*X1) (2)

This suggests the existence of an incipient Ubbelodhe effect of
the same magnitude as those found in weak hydrogen-bonded
systems.[%%

Ci—c

r:
|en,| = 3.0905(2) A
|Cus| = 2.0216(T1 A

len,,| = 3.4283(4) A

Ta

(0, - x,) = 3.3381(6) A
(0, Oparp) = 3.210(1) A
T(Hyq - Opare) = 2.424(1) A
r{Hrate = 0y,) = 3.210(1) A

Figure 4. ro structure of TATP-H.0. x1 is the intersection point between the Cs
axis and the central CCC plane.

X1) = 3.290(1) A
 Oyz) = 3.076(2) A

Out . y3sh @ = Owz 704y
Hz.s ”'. (04

7(0yy =+ 04) = 3.253(1) A
(04, - 05) = 3.179(1) A
(04, -~ 0g) = 3.128(1) A
r(0yz - 0g) = 3.162(1) A
r(Hyg - 0y) = 2.658(1) A
r(Hyy = 0y4) = 2.759(1) A
r(Hag -+ Oyy) = 2.534(1) A
r(Hyg - Oyz) = 2.826(1) A
r(Hzg + Oyz) = 3.008(1) A

Figure 5. The rs positions (in blue) for the O and H atoms of water molecules
are compared to the ro structure of TATP- (H20)2. A summary of the ro
hydrogen bond distances is given

The investigation of the structure of the complex TATP-(H20),
was done following the same procedures as done for TATP-H,O
A partial ry structure to locate the water molecules in the
complex was determined by fixing the parameters of TATP to
those determined for the TATP-H,O complex. The results of the
structural investigation are summarized in Figure 5. The
complete results are given in Figure S2 and Tables S9-S11
where they are compared to the theoretical equilibrium
structures for the predicted global minimum. The derived partial



ro structure of TATP—(H20), (Figure 5) shows it as formed from
TATP-H,O with the second water acting as a double proton
donor to the first water molecule and the closest endocyclic
TATP oxygen atom. The Oy *-Otatp TATP—(H20), intermolecular
distances are similar to those found in the heterodimer. However,
the ry distance (r(Out---Ow2) = 3.076 A) between water oxygen
atoms is closer to the standard O-H---O distance (2.976 A for
water dimer)® indicating that this is the strongest HB in the
complex. The distances between water oxygen atoms and the
closest methyl group hydrogen atoms suggest also the
existence of five weak C-H---O,, HB. (see Figure 5)

Nature of the intermolecular interactions

Based on the observed structure (see Figure 4), the main
TATP-H,0 interaction can be described as a trifurcated O-H:--O
hydrogen bond (HB) from water to the closest endocyclic TATP
oxygen atoms. According to the literature, it is a four-center
bond with three acceptor groups.®”! Trifurcated interactions are
rarely observed in crystal structures and this is probably one of
the first cases for which this interaction is observed in the gas
phase. The experimental HB distances are larger than the
values expected for a conventional O-H---O HB, ((Ow*Oratp) =
3.210(1) A vs. 2.976 A for water dimer).®® This is an indication
of the weakness of the O-H--O HBs in TATP-H;O. The
distances ry(Hratp -*Oy) = 2.654(1) A from the neighbor H atoms
of TATP to the water oxygen atom indicate the existence of
three additional C-H:---:O HB weak contacts,383% which,
according to the literature, could be considered as four-center
chelated weak HBs.*”l These weak HBs, breaking as water
rotates around the Cs; axis, underpin the calculated three-fold
barrier for water rotation which averages to produce an effective
symmetric top (see Figure 3).

Ejgl0y-H Oyarp)=8.3-9.2 kl/mol
Eyg(C-H--0,,)=4.8-5.7 k)/mol

Eys(0yp-H0,,)=19.2 kifmol
EpiglOyy-Hr Ogarp)=12.1-12.6 ki/mol
EpalOyp-He Ogurpl=13.7 kJ/mol
EylC-H--0,,,1)=5.9-7.0 kI/mol

Epug(C-H-0,,,)=3.4-4.6 kifmal

Figure 6. Bond critical points (yellow) and bond paths (orange) calculated for
TATP-H20 and TATP—(H20).. The figure gives the ranges of the estimated
interaction energies from the electron potential density V(r) calculated at the
BCPs.

Additional information to confirm the number and nature of the
hydrogen bond interactions in both complexes can be derived
from the Quantum Theory of “atoms in molecules” (QTAIM)1“041
analysis. Figure 6 shows the calculated bond paths (BPs) and
the (3,-1) bond critical points (BCPs) indicating the formation of
bonds for TATP-H,O (left) and TATP-(H.O) (right) calculated for
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both the mono and dihydrated clusters at MP2/aug-cc-pVDZ
level. The BPs and BCPs confirm the existence in TATP-H,0 of
a trifurcated O-H--*O hydrogen bond (HB) established from
water to the closest endocyclic TATP oxygen atoms. The
stability of the complex is reinforced by the three additional C-
H---O HB weak contacts from the neighbor H atoms of TATP to
the water oxygen atom, already mentioned. In TATP-(H>O), the
water molecule on top of TATP, close to the C; axis, has the
same BPs and BCPs, that is, the same interactions with TATP
as in TATP-H;O. The second water molecule shows two BPs
and the corresponding BCPs showing O-H::-O hydrogen bond
interactions to the first water molecule and the closest TATP
oxygen atom. Besides, two BPs and two BCPs draw two weak
C-H---Oy interactions. Estimation of the interaction energies
from the electron potential density V(r) calculated at the BCPs
gave the values listed in Figure 6. These correspond to weak
interactions if we consider weak hydrogen bonds those with
energies smaller than 16.7 kJ/mol (4 kcal/mol).B™l The exception
is the Ow2_H"'Ow1 HB in TATP—(H20)2

Reduced Density Gradient

Reduced Density Gradient

-0.050 o025 @500 nozs 680
signi e fa.u.)

Reduced Density Gradient

-0.0%0 Dm28 0008 anzs a8
sign{d, ) fa.u)

Figure 7. Results of the non-covalent interaction (NCI) analysis*? done for
TATP, TATP-H20 and TATP-(H20).. Each point in the scatter graphs
corresponds to a grid point in 3D space and represents the reduced density
gradient (RDG) vs. sign[2(r)lp(r). The spikes on the left (negative side)
correspond to attractive interactions. Those on the right side correspond to
repulsive interactions. The points corresponding to low RDG values represent
weak interactions. Those with RGD<0.5 a.u. are represented in the isosurface.

Non-covalent interaction (NCI) analyses!“? were also done to
visualize the interactions present in the TATP monomer and in
the adducts. The results are illustrated in Figure 7. In the scatter
graphs the y and x axis represent the reduced density gradient
(RDG) and the sign[A2(r)]p(r) functions. Each point in this graph
corresponds to a point in 3D-space. A(r) is the largest second
eigenvalue of the Hessian matrix of the electron density ofr).
The strength of weak interactions has a positive correlation with



the electron density in the corresponding region; van der Waals
interaction regions always have very small values of p, while the
regions corresponding to strong steric effects and hydrogen
bonding always have relatively large values of p. A negative sign
of Ao(r) indicates attractive interactions since electron density is
aggregated as in (3,-1) bond critical points. A positive sign
indicates repulsive interactions in which the electron density
depletes. Thus, the product of the sign of 1»(r) and p(r) allows
visualizing the non-covalent interactions. The spikes in the low
part of the scatter graphs represent the non-covalent
interactions present. Those on the left part of the graph
correspond to attractive interaction and those on the right part
correspond to repulsive interactions. The isosurfaces on the
right give the points with RDG>0.5. The attractive or repulsive
character and the strength of the interactions are shown in the
isosurface representation using a color code. The TATP
monomer shows a series of attractive weak H---O and repulsive
O---0O, C---O interactions and steric effects. The number of
spikes in the graph for both attractive and repulsive parts
increase in TATP-H,O and the isosurface shows the multiple
interactions regions corresponding to the trifurcated Oy-
H---Orare four-center bond interactions and the chelated four-
center C-H---O,, interactions already discussed. However the
color codes and the values of sign[Ax(r)lp(r) show that these
attractive interactions are weak. Repulsive interactions and
steric effects between water and TATP also appear and might
hinder the approach of water to TATP to give shorter O,-H---O
distances and stronger hydrogen bonds. In TATP-(H.O). the
number of spikes is still increasing, but in this case, only the Oyz-
H---O,, proves to correspond to be a standard moderate
hydrogen bond. Figures S4 and S5 show the combined results
of QTAIM and NCI analyses where the coincidence of (3,-1)
BCP and NCI attractive regions is evident.

Dissociation energy and cooperativity effects

The dissociation energy of TATP—H,O has been calculated to be
7 kJ/mol from the D, centrifugal distortion constant and the
pseudodiatomic model*® by assuming a Lennard-Jones
potential for the stretching intermolecular vibration (see Table S
12). This energy is ~1/3 of the value of 22.5 kJ/mol calculated
from BSSE corrected counterpoise calculations and this might
indicate this pseudodiatomic model is no appropriate for this
system. The corresponding dissociation energy of TATP—(H,0)
is calculated in the same way as 50.5 kJ/mol more than two-
times the predicted value for the heterodimer. This indicates
some contribution of cooperative effects if we take into account
the predicted dissociation energy of water dimer at the same
level of 18.7 kJ/mol. The role of cooperative effects is shown
when observing some shortening of the Ou-Orare distances
(see Figures 4 and 5) and the increase of the interaction
energies estimated from the electron potential density V(r)
calculated at the BCPs in going from TATP-H,O to TATP-
(H20). (see Figure 6). The energies of the Oy-H:--Otarp and C-
H---O interactions with the central water molecule increase
notably in going from both TATP—H,0 to TATP—(H20),.

Conclusion
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To summarize, we have shown here that TATP can be detected
in the gas phase from rotational spectroscopy by using its
hydrated adducts as spectroscopic targets. These are observed
even without adding water to the sample. Interestingly the
TATP-H,O complex is an effective symmetric top due to the
internal rotation of water. We have also shown from the study of
deuterated water isotopologues that this complex show an
incipient Ubbelohde effect.?¥l The mono and dihydrated TATP
adducts show complex networks of weak Oy-H--:O and C-
H---O, HBs. The main TATP-H;O interaction is a rarely
observed four-center ftrifurcated O,-H:--O interaction. This
interaction proves to be weak, with distances larger than
expected even if the contribution of the TATP oxygen atoms
gives rise to regions of high electron density around the C; axis.
It has been reported that TATP oxygen atoms are encapsulated
by the hydrocarbon environment.' Instead, we have observed
that the methyl groups interact with water through attractive
weak C-H---O, four-center chelated interactions which break
and form as water rotates giving rise to a small three-fold barrier
for water rotation. Here we show from an NCI that TATP and
water apart from attractive interactions suffer repulsive and
steric interactions that limit the distance at what water may
approach to the oxygen atoms The structure of TATP in the
complexes also reveals other interesting features. The predicted
0-0 and C-O bond distances, involved in explosion reactions,!'!
are calculated to increase by about 0.01 A upon complexation,
so probably the interaction with water destabilizes TATP.

TATP can form complexes with ions!'"! but it shows notable
differences with other macrocycles as crown ethers.?%441 Qur
results show that TATP is rather rigid while crown ethers are so
flexible that easily change their conformation upon complexation
with water %44 The intermolecular O-H---O HB’s are moderately
strong in crown ether-water adducts but these are weak in
TATP-water complexes.

Experimental Section

Exploration of the potential energy surfaces of TATP, TATP-H20, and
TATP—(H20)2 was done using Gaussian 16.14% DFT calculations at the
B3LYP/6-311++G(2d,p) using D3 Grimme's dispersion correction8! were
done in a first step to finding the possible conformers of these species. In
a second step, calculations at the MP2/aug-cc-pVDZ level were done
only for the most stable conformers. The results including energies,
rotational parameters, and electric dipole moments are given in Tables
S1-S4. Complexation Essse energies were calculated taking into account
basis set superposition error (BSSE).*”] Relaxed scans were done to
explore the energy profile of TATP-H20 for the rotation of water around
the bonded O-H and for TATP—(H20)2 to explore the interconversion
between the two most stable conformers | and Il. The interactions
responsible for the formation of the complexes have been further
investigated at the MP2/aug-cc-pVDZ level through Quantum Theory of
“atoms in molecules” (QTAIM)X“%411 and a non-covalent interaction (NCI)
analysist? using Multiwfn 11

All TATP samples were synthesized from acetone and hydrogen
peroxide under acidic catalysis following reported procedures.?8°]
Commercial samples of H2'®0 and D20 were also used. The rotational
spectrum of TATP-H20 has been recorded in the 2-10 GHz frequency
region using a chirped-pulse Fourier transform microwave spectrometer
(CP-FTMW)8! that follows Pate’sid design. The carrier gas used was
Ne at stagnation pressures of 2 bar. It was expanded through a 0.8 mm
nozzle in pulses of 700 us. In each experiment, a small amount (< 0.2 g)
of TATP (m. p. ~ 98°C) was placed in a reservoir incorporated in the



heatable nozzle and gently heated up to a maximum of 45°C. A deposit
with water inserted in the gas line allowed the previous mixing of the
water vapor with the carrier gas. Chirp pulses of 4 us were created by an
arbitrary waveform generator and amplified to 20 W. This polarization
power limits the optimum chirp bandwidth to a maximum value of 2 GHz,
so the complete spectrum is usually recorded in several steps. The
polarization signal was radiated from a horn antenna in a direction
perpendicular to that of the expanding gas. A molecular transient
emission spanning 40 us is then detected through a second horn,
recorded with a digital oscilloscope and Fourier-transformed to the
frequency domain. The accuracy of frequency measurements is better
than 15 kHz. Tables S13-S16 collect all measured frequencies.
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Entry for the Table of Contents

Wetting triacetone triperoxide (TATP) makes possible the rotational detection of this non-polar explosive through TATP-H,O and
TATP-(H20), adducts. The dynamics of water in the TATP-H,O converts it in a symmetric top. The main interaction is a four center
trifurcated Ou-H---O hydrogen bond, not observed previously in the gas phase. Structural signatures and theoretical calculations
show the weakness of the interactions between water and TATP.
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