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The true global potential energy minimum configuration ofipe formaldehyde dimer (CH20),,
including the presence of a single or a double weak intézmolecular CH--O hydrogen bond
motif, has been a long-standing subject among¥ot erimentalists and theoreticians as
two different energy minima conformations«f*Ggand C'gp, symmetry have almost identi-
cal energies. The present work demo tes hew the class of large-amplitude hydrogen
bond vibrational motion probed in the t,.aeg\i.on provides excellent direct spectroscopic
observables for these weak intermol ﬁier\s --O hydrogen bond motifs. The combination
of concentration dependency emuents, observed isotopic spectral shifts associated
with H/D substitutions and dedi%ealing procedures enables the unambiguous as-
signment of three large-amplitude infrared active hydrogen bond vibrational modes for
the non-planar C'; config mf (CH20)2 embedded in cryogenic neon and enriched
para-hydrogen matriées. /A hi)-empirical value for the change of vibrational zero-
point energy of 5Z:|:0. J -nyﬂ‘l is proposed for the dimerization process. These THz
r%'%ni e complemented by CCSD(T)-F12/aug-cc-pV5Z (electronic
energies) and aug-ce-pVQZ (force fields) electronic structure calculations yielding a

(semi)-empiticalsélue of 13.740.3 kJ-mol~! for the dissociation energy Dy of this global
potential‘gnergy minimum.
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A}I Ptr oduction
P“'%'&ﬂ Hzg] bonding is a concept of enormous importance for a vast number of phenomena within
diverse scientific areas e.g. the anomalous thermodynamic behavior of condensed phases, the
mechanical properties of functional materials and the complex molecular recognition of biolog-
ical macromolecules. In a modern context, the concept of hydrogen bonding is understood as
a complex phenomenon spanning two order of magnitudes in the range from about 0.2 to 40
H/Jand OH--7 contacts
b'dj@i&\aﬂlone, making a
alént van der Waals in-
dologies, both high
sis set superposition

kcal-mol~!.! The nature of weak hydrogen bond interactions such as C

are typically dominated by electrostatic and London dispersion cont

clear-cut distinction between weak hydrogen bonds and strict non-c

teractions rather challenging. In terms of reliable quantum chemicalsuet
levels of electron correlation, extensive basis sets and the in usi& of

errors and anharmonic vibrational zero-point energy contributions have proven mandatory to

accurately predict the geometrical and energetical charact
interactions. A reliable experimental detection of thitl:ass
on the other hand, requires sensitive and unambiguo

d¢ak non-covalent interactions
spéytroscopic observables which are
not blurred by thermal broadening, crystal-field effects,andaéhemical inhomogeneities. An ac-

curate characterization of weak hydrogen bondin
crystalline phases and the reductionistic approac

notifs cannot be extracted directly from

n to experimentally investigate rele-
vant isolated molecular model systems which \ndable for high-level quantum chemical

methods within the ”supermolecule” app a e simplest suitable representative for this
"supermolecule” approach 1nvolv1ng in rmolecular CH--O hydrogen bonding is the ho-
modimer of formaldehyde, (CH,O he ¢ non-covalent forces at play in this prototypical

dimerization recognition process hav the subject of a wealth of theoretical and experi-
mental investigations over thedast two de ades.

The first experimental in stlgatl f (CHy0), embedded in argon and nitrogen matrices was
reported by Khoshkho Z 1X9A Based on combined infrared and Raman observations for
the perturbed intra ‘m% O stretching modes, these authors concluded that (CH0),

must have a centeof symmetry. Subsequently, a nitrogen matrix isolation study by Nelander®
urier transform microwave study by Lovas et al?* both suggested that

and a pulsed-noZzle
the two subunits afe equivalent in the dimer consistent with a C potential energy minimum
without a ¢enter ofsgymmetry. From a theoretical point of view, the first ab initio study of
(CHQO)Q W
. _-—

ical méthodolog

repo}ted by Del Bene et al.’> Subsequently, more sophisticated quantum chem-

have been reported by Ford et al® and recently by both Dolgonos” and
Tschumper etJal.® who predicted the existence of two different intermolecular potential en-
erg \1‘91@ with almost identical energies (Fig. 1). A predicted potential energy minimum
of Cs symmetry involves one single weak intermolecular CH--O hydrogen bond motif leading
to a perpendicular arrangement of oppositely oriented subunits. The second potential energy
minimum of C'y, symmetry involves doubly weak intermolecular CH--O hydrogen bonds form-
ing a complete planar arrangement of all atoms. The two recent high-level quantum chemical
investigations independently conclude that the C's configuration is the global potential energy

minimum stabilized by 0.6-1.8 kJ-mol~! relative to the local Cs, minimum.”8
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Figure 1: The two predicted intermoleculag potential energy minima for (CH20), involving dou-
ble (C4, symmetry, right) and single (C s het(y, left) weak intermolecular CH--O hydrogen

bond motifs. \

In several recent studies, we h own experimentally how the interaction strength, direction-
ality and anharmonicity of sypigal OH--O hydrogen bonds between molecules can be effectively
probed directly in the faginfpared\gpectral region via the large-amplitude intermolecular vi-
brational motion introduce qt{ hydrogen bond formation.®** In the present contribution,
we demonstrate how.t e\hio large-amplitude hydrogen bond librational modes in the THz
region also providés direct excellent spectroscopic probes for the weak intermolecular CH--O

hydrogen bonddnotifsef (CH,0), embedded in solid neon and para-hydrogen at 2.8 K.

~/
2. E gv&h;al
)

Isotopic'gaseous samples of regular CH,O (Sigma-Aldrich), CHDO (MSD Isotopes, 98% atom
}gD{ (Merck, 90% atom D) were prepared by cracking the respective para-formaldehyde

polymers around 400 K in a vacuum line, passing the formed gaseous samples through a glass
wool filter and a drying agent P,Oj5 before condensing the samples in a LN2 cold trap. Subse-
quently, the condensed samples were purified from CO and CO, by vacuum distillation around
200 K. For the preparation of doped neon matrices, approximately 0.02 mol of LN2 pre-cooled
neon gas (Air Liquide, 99.999%) was deposited via a MKS multi range mass flow controller
onto a gold-plated oxygen-free high thermal conductivity (OFHC) copper mirror at 3.6 K in a
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A}IGQI}/ designed immersion helium cryostat (IHC-3).1%!6 For the preparation of doped para-

Pu 51|jfg1|q(itg<gi matrices the same amount of LN2 pre-cooled para-hydrogen (>99.9%) was deposited
manually from a 1000-mL Duran sample flask via a Swagelok low-flow metering valve. The
highly enriched para-hydrogen samples were prepared from regular Hy (Air Liquide, 99.999%)
employing an ortho/para-hydrogen conversion dip-stick tube containing a paramagnetic hy-
drated iron(IIT)oxide catalyst (Sigma Aldrich, catalyst grade, 30-50 mesh). This conversion
dip-stick was immersed in the cold gas over liquid helium iteratively(ﬁbove and below the
triple point at 13.6 K for around 1.5 hour in a similar fashion as desc ib}d{ Andrews and
co-workers.!” The host gas was doped simultaneously with the reg ar} an isotopically sub-
stituted sample via separate inlet tubing systems resulting in nfixin tios in the order of
(1:500-3000). A LakeShore temperature controller (Model 32 )‘iﬁpt e mirror temperature
at 2.840.1 K by the use of resistive heating and feedback electrenit¢s“before and after the neon
matrix deposition. Interchangeable CsI and polymethylperftene (TPX) windows were mounted
on the vacuum shroud surrounding the cold head of the cryegtat d IR and THz single-beam
sample spectra were collected by a Bruker IFS 120 F’lﬁspe trometer via a specially designed
optical arrangement guiding the focused probe beawn ontl(.)- he cold mirror in the cryostat.
The IR single-beam spectra between 600 and 4500 cm ™% were all generated by a LN2 cooled
HgCdTe detector combined with a Ge on KB%@Q itter and a globar radiation source.
The corresponding THz single-beam spectra%‘fme&% and 650 cm ™! were all generated by

i

a LHe cooled Si-bolometer in combinatiofy agith pm multilayer Mylar beam splitter and a
globar radiation source. The single-b m%g’fbund spectra of the evacuated cryostat were
all subsequently collected. A spectral Sﬂ tion in the range from 0.1 to 1.0 cm™! was selected
depending on the observed band w 1 all experiments the doped matrices were annealed

up to 9 K (neon) and 4.2 K (para-Hs) tegeveal potential temperature effects.

Matrices

3. Vibrational %/ents of Formaldehyde Dimer in Solid Neon

1

Fig. 2 shows a series of THz absorption spectra in the range between 75 and 200 cm™" col-

lected for cryo eni9 neom, matrices doped with regular CH,O and isotopically enriched CD,O

;s at2.8 K with (1:1300) mixing ratios. A number of dominant spectral fea-

roducid t 84 cm™! and close to the experimental cut-off at 63 cm™! (not shown)
for all themeonunatrices doped with regular CH,O. The two bands are even observed at very low
CH,0O ncenﬂ’ations and always decrease in intensity upon annealing and therefore assigned to

rot t;qn?a -translation-coupling (RTC) transitions of CHoO monomers embedded in the cages of
id neen host. Similar strong monomeric RTC transitions have been reported for HyO'®

H embedded in solid neon cages.'” In doped neon matrices with higher CH,O con-
centrations, two new distinct bands clearly appear in the spectra around 167 and 123 cm ™! with
a relative intensity around 1:5 and the latter apparently somewhat broader than the former.
Both observed bands have a steeper concentration dependency than the assigned monomeric
RTC bands pointing at potential vibrational assignments to (CH20)s. The annealing of doped
neon matrices up to 10 K has previously proven a valuable tool to verify complex formation as

4
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AII Rar n” and soft neon matrices allow the diffusion of small sample molecules and promote
Publisfimher build-up of molecular complexes in the matrix.!""!* %1% The post-annealing THz
spectrum shown in Fig. 2 reveal that both bands observed at 167 and 123 cm™! gain intensity
after the annealing procedures and strongly supports the proposed (CHy0O), origin of both
bands. The post-annealing spectra tentatively reveal a third band around 95 cm™!, which is
hard to assign unambiguously owing to the stronger RT'C band in the neon matrices. However,
at this stage the assignment of the three bands is still not clear and it w ld be informative to
learn whether the observed build-up of molecular complexes could be ca @\chmall amounts
es of CH5,O and H,O

of highly mobile HoO molecules in the ”hot” matrix forming mixed co

——H,CO(b) — H,CO (a) HDCO (1/4)

0,40:(',4'0 .'.'.'.'.'.'.'.T.'.'.'.'.'.'.'.f.'.'.'.'.'.'.'..'.'.'.';".'F-‘.. \E"""""':
4 0,354 (D,CO), ;' -
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Figure 2: THz a orpt)oll spectra in the 75-200 cm ™! region recorded for neon matrices doped
with CH,O, CHD d CD,0 (mixing ratio of 1:1300) at 2.8 K before (black curve) and after
(green que ling to 10 K with proposed vibrational assignments of the acceptor b-axis

LI LI I L) T
0)1 90 480 170 160 150 140 130 120 110 100 90 80
<xﬂ v/cm™1

and donor c-akis hbratlonal bands of (CH20)s. The inset shows the observed isotopic spectral
shi sfg O)y (red curve) and (CD20O)s (blue curve).
~

In order to rule out the formation of mixed CH,O-H50O complexes, a series of complementary
neon matrix experiments doped simultaneously with CH,O and H5O have been carried out (not
shown). The THz absorption of both HoO monomer and (H20), embedded in cryogenic neon
matrices have been studied extensively by Ceponkus and Nelander in a series of works.!%2022

The overall rotational motion of HO monomer is just slightly hindered in neon matrices and
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AllePo sirong rotational transitions at 33 (11140gp) and 52 cm™! (2194—1¢;) have been assigned

Publigieimginatrices at 2.8 K besides the two strong monomeric RTC transitions. The two most
irared active large-amplitude intermolecular fundamental vibrational transitions of (H2O)s in
the THz region, the donor torsional mode and the acceptor wagging mode (a-axis libration),
have previously been observed and assigned at 116.0 cm~! and 122.2 cm ™!, whereas the less in-
frared active acceptor twist (c-axis libration) fundamental transition has been assigned at 150.6
cm~! in the neon matrix environment. None of these bands except tracsgs/ of the extremely in-
tense pure rotational transitions at 32 and 52 cm™! appear in the prese t%Qirtnatrices doped
with CHO alone. The THz spectra obtained for the neon matric @ed with CH,O/H,0O
mixtures revealed three additional bands in the combined far-IR%and“€Hz region below 500
cm ™!, which shall not be described in more detail in the pre conttibution. However, we
mention here that one of the bands for the mixed CHy;O-H, ﬂ'}n‘plg}c is reproduced at 168
cm~! and thereby slightly but significantly shifted relativd to the band observed at 167 cm ™
in the matrices doped solely with CH5O.

The inset of Fig. 2 shows the THz spectra obtai (f(')r é&m matrices doped with regular
CH50 and isotopically enriched samples of CH and“CD,0. It is evident that the isotopic
H/D substitutions result in significant spectral sed-shift§ for the bands observed for regular

CH5O at 167 and 123 cm™'. The mono-deu ratien. of CH,O is clearly red-shifting the most
intense 123 cm~! band by 5 cm™! thesdi-deuteration of CHyO clearly produces a

, whefeag
red-shift of 8 ecm~!. The isotopic spe trN%r the much less intense band observed for
regular CH,O at 167 cm™! are moregw to extract close to the detection limit but re-
producible spectral red-shifts of 8 W ~1 are confidently monitored upon mono- and
di-deuteration, respectively. It should begnentioned here that the significant CHDO content of
the CD,0O sample affects th aﬁﬁlapes in the THz spectra collected for CD,O. In particu-

1

lar, the stronger but also gignifieantly broader band around 115 cm™ in the CD,O spectrum

the CDHO band at 1 m to isotopic overlap with the regular CH,O band at 123 cm™!.
In order to reprod jse\sgperimental findings and confirm the existence of monomeric RTC

in the neon cages, similar matrix isolation experiments have been done

becomes slightly asyn]?e ic dui)o the isotopic overlap. A similar asymmetry is observed for

transitions of CHy

employing higlfly enriched para-H, hosts with significantly larger cage sizes (39 A3) than for
solid neon ZA “A pfevious investigation by Nelander et al.?® has shown that enriched para-
H, matrice doped&wi h H>O do not give rise to strong and broad RTC bands in the THz region.

)

ional Assignments of Formaldehyde Dimer in Solid Para-

4.
~
Hydrogen Matrices

r

In order to estimate the ortho/para-Hy conversion efficiency, the relative integrated intensities
of the sharp ro-vibrational Q;(0) and S;(0) lines observed at 4152.9 cm™' and 4485.9 cm™!
shown in Fig. 3, which become infrared active due to perturbations in the solid matrix, have
been determined for a series of thinner (ca. 0.01 mol) para-Hs matrices without dopants. This

S1(0)/Q1(0) intensity ratio provides an estimate of the para-Hy enrichment!™?* and the present

6
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Figure 3: The mid-IR <‘<'1:n pectrum (4000-5000 cm™!, 0.1 em™" resolution) for a non-
01

doped para—HQ matrl 99.9% enriched) with assignments of the ro-vibrational Q;(0)

and S1(0) lines.

Fig. 4 shows.a es @f THz absorption spectra in the range between 60 and 200 cm™! col-
lected bot for a pure enriched para-H, matrix and several enriched para-Hs matrices doped

with rﬁiﬁna and isotopically enriched CD,0O and CDHO samples at 2.8 K with mixing
in the

ratios der of (CH5O:para-Hy)=(1:500-900). The absorption spectra all reproduce the

123 consisting of a very

pu 1 Sy(0) transition observed previously by Nelander et al.
narro%em phonon line at 355.6 cm™! accompanied by a very broad phonon wing extending
up to approximately 600 cm™! (not shown). The THz spectrum of the pure para-Hy matrix
demonstrates that the solid para-H, medium provides an excellent spectroscopic THz window
below 355.6 cm~! which is highly suitable for matrix isolation. Besides the strong narrow zero

1 as soon as the ma-

phonon line, two distinct bands are clearly observed at 153 and 110 cm™
trices are doped with CH,O, the latter band with an extra low-wavenumber shoulder around

83 cm~!. The observed spectral features are broader than the similar bands observed in the

7
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AI[PHE on matrlces and explain why slightly higher mixing ratios have been employed. The
Pulblisteihgrd positions are shifted by nearly 10% relative to the three bands observed at 167, 123
and ~95 cm™! in the neon matrices but the band intensity ratio of the two distinct bands at
higher wavenumbers is almost identical. In addition, the intensities of the two observed bands
increase similarly with higher concentration although a quantitative measure of this concentra-
tion dependence is challenging due to the overlap with the third band at 83 cm™!. Nevertheless,
the observed concentration dependence pattern suggests the existence é{ three distinct bands

belonging to the same molecular cluster without any disturbing RTC transiions.

——H,CO(1)  HCO(Q H,
~ HDCO/D,CO ( 14) co

1,8""""""" MR B TR N

1,6 4| o]

1’4_: 0,25-5

123

11 o154

In (Io/])

L) L) L) L) L) L) I L) IV L) ; I L) L) L) '\I = ;\\ ;' :FV/: L) I L) L) \‘\‘I
50 ,° 300 250 200 150 100

r/cm—1

g;ab
Figure @=T sorption spectra in the 60-370 cm™! region recorded for a pure enriched
para-H 99.9% enriched) matrix (green curve) and two para-Hs matrices doped with CH,O

at i t mixing ratios (orange and black curves) at 2.8 K with proposed vibrational

assigménts of the acceptor b-axis and donor c-axis librational bands of (CH,0),. The inset
shows tlte observed isotopic spectral shifts for (CHDO); (red curve) and (CD20), (blue curve).
The asterisk indicates the tentative assignment of the donor b-axis librational band.

The isotopic H/D substitutions result in significant spectral red-shifts for the observed bands
although these are slightly smaller than observed in the THz spectra of the doped neon matrices.

8
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mllpse‘ of Fig. 4 shows the THz spectra obtained for para-H, matrices doped with regular
PulsligHdnard isotopically enriched samples of CHDO and CD,0O. The mono-deuteration of CH,O
is red-shifting the less intense 154 cm ™! band by 4.5 cm ™!, whereas the di-deuteration of CH;O
produces a larger red-shift of 7 cm™!. Somewhat smaller spectral red-shifts are monitored upon
mono- and di-deuteration, respectively, for the stronger band observed for regular CH,O at 110
cm !, although the exact values are hard to extract accurately due to the larger band widths
in the para-Hy matrices and the limited purity of the CDyO sample. ’Ige significant content
of CHDO in the CD,0O sample results in severely overlapped bands fo M\ara—Hg matrices
doped with CHDO and CD,0O. The isotopic spectral shifts of the t 'r(?pand around 83 cm™!
on the shoulder of the 110 cm ™! band cannot be verified due to theext
spectral region close to the experimental cut-off. However, t ejis ce of this extra third

spectral noise in this

band is reproduced in all the THz spectra recorded. These vations are thus consistent
with the appearance of the third spectral feature on the shfulder ofthe strong RTC band after
the annealing of the neon matrices. At this point in thg_\ S Ctrahanalysis, it would be highly
desirable to learn more from quantum chemical predictionsswhich are amenable for a molecular

t f this limited size.
system of this limited size \\L_

5. Exploratory Quantum Chemic ulations

The software packages Gaussian09 (Rev. \O,D)Q\and MOLPRO (ver. 2012.1)%%27 have been
employed for high-level electronic str&c}:e lculations. The potential energy minima ge-
ometries of the CH,O monomer dt\“ erent potential energy minima of (CH0)y of
C, and (g, symmetry have all been“gptimized using the second-order Moller-Plesset MP2
method?®? in combination with“Running’s augmented correlation-consistent quadruple-zeta
(aug-cc-pVQZ) basis set.>”
these optimizations and

RMS force criterion has been set to 107® (atomic units) for

¢ hatmonic vibrational band origins have been computed at the opti-
mized structures. The(éngle— oinf electronic energies for the optimized minima structures have
subsequently been gempu employing the coupled-cluster approach with single and double
excitations and peffurbative treatment of triple excitations CCSD(T)?! and also the explicitly-
correlated CC

with employing unni}zg’s series of correlation-consistent aug-cc-pV(T,Q,5)Z basis sets to op-

b methodology,?? as implemented in the MOLPRO package, combined
timize the freatment<of electron correlation effects. The basis set superposition errors®® have

been aceounted for' by the implemented counterpoise methods.**

The com edsthe electronic complexation energies D, from the MP2, CCSD(T) and CCSD(T)-
F12 hods with Dunning’s correlation-consistent and augmented aug-cc-pV(T,Q,5)Z basis
sets areyprovided in Table 1. Table 2 provides the predicted harmonic frequencies and cor-
responding harmonic band intensities together with predicted isotopic spectral shifts at the
MP2/aug-cc-pVQZ level for the classes of six large-amplitude intermolecular vibrational modes

for the two different potential energy minima of C'y and Cy;, symmetry.
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l s Irlgle - The electronic dissociation energies D, (kJ/mol) for two potential energy minima

Publighifig and C2y, symmetry for (CH;0)2 at the MP2, CCSD(T) and CCSD(T)-F12b levels
employing Dunning’s correlation-consistent aug-cc-pV(T,Q,5)Z basis sets based on at the
counterpoise (CP)-corrected MP2/aug-cc-pVQZ level.

Electronic Energy Method (HyCO)y Oy, (H2CO)s Cs
MP2/aug-cc-pVQZ 15.18 19.55
MP2-CP /aug-cc-pVQZ 14.41 / 18.66
CCSD(T)/aug-cc-pVTZ 16.41 Q\ 19.60
CCSD(T)-F12b/aug-cc-pVTZ 16.24 19.59
CCSD(T)/aug-cc-pVQZ 16.10 19.39
CCSD(T)-F12b/aug-cc-pVQZ 15.99 ‘) 19.29
CCSD(T)/aug-cc-pV5Z 15.92 e 19.17
CCSD(T)-F12b/aug-cc-pV5Z 15.91 K S 19.17

~ NG
®

6. Results and Discussions -
The first interesting result from the quantum ch E&pjedictions, in terms of the assignment

procedure, concerns the actual number of infiared<active large-amplitude intermolecular vi-

brational modes for the two potential en mittigma of (CHy0), in the THz spectral region

considered for the present experimental work/ The harmonic MP2/aug-cc-pVQZ calculations

for the (', potential energy minimum allonly one single infrared active intermolecular

mode above 75 cm™!

, whereas the“galeulations for the C conformation forecast three dif-

ferent infrared active intermolecular modes. Both the predicted harmonic band origins and

corresponding relative intensi iesm\fhe C's conformation agree well with the present spectro-

scopic observations, although the doyble harmonic approximation may be inaccurate for such

a weakly bound molecuda y/ste?. The predicted relative harmonic band strengths of 1:5:3

for the three infrared/ av&ikvteSQ des of the Cy conformation are in close agreement with the
in

relative integrated

the doped para-H,

relative integraed iitensity of the two bands observed at 167 and 123 cm™! in the doped neon

olfat the harmonic normal mode predictions reveal that the three infrared
active larg ampliﬂyde vibrational modes all involve hindered overall rotational motion around

sities of the three bands observed at 151, 110 and 83 cm~! in
atrices. The predicted relative harmonic band strength of 1:5 also fits the

the prifeipal is or c-axis of the CH,O subunits as animated in Fig. 5. The infrared active

vibrational m@ie with the smallest predicted band intensity of 9 km-mol~! can be depicted as

xig librational mode of the hydrogen bond donor subunit in the symmetry plane spanned

o Intermolecular CH--O and C--O contacts around the principal c-axis of the isolated

subunit as shown in Fig. 5 (right). The vibrational mode with the largest predicted band inten-

sity of 52 km-mol™!, on the other hand, can be depicted as a b-axis librational mode (acceptor

wagging mode) of the hydrogen bond acceptor subunit as shown in Fig. 5 (left), whereas the

third vibrational mode with medium infrared activity of 31 km-mol~! can be depicted as a sim-

ilar b-axis libration (donor wagging mode) of the hydrogen bond donor (not shown). The three
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Al‘lg inz more or less infrared forbidden intermolecular vibrational modes can be depicted as
Pulhishivgr nolecular stretching mode and two a-axis librational modes of the acceptor and donor
subunits. The latter two torsional degrees of freedom both describing the hindered rotational
motion around the C=0O bonds of the subunits therefore do not give rise to any dipole moment

changes.

Table 2: The predicted harmonic frequencies (cm™') and correspondln monic band inten-
sities (km'mol™!) of the class of six large-amplitude intermolecular tlon modes for the
three isotopic variants (CH20)q, (CHDO)y and (CD50), at the ]\/{ -cc-pVQZ level.

(CH,0), (CHDO) / -\ \ CD,0

Mode Clq, C, Cyy, C’S

1 62.0 (31) 89.6 (31) 61.3 (32) 83 0 (15 9 79.5 (24)
2 65.1 (0.0)  115.6 (0.1) 63.2 (0.0) %N\ 3(0.0) 113.2 (0.2)
3 88.4 (4.2) 1567 (52) 712(0.1) 1 6 8 66.1 (13. 5 137.8 (0.0)
4 93.9 (0.0)  194.1 (0.0) 78.1 (0.0) 944 6 67.1 (0.2)  141.8 (32)
5 123.1 (0.0)  208.0 (8.8) 115.9 (0.0% 193: (7.6) 111.7 (0.0) 186.1 (6.0)
6 139.2 (58.7) 289.4 (0.4) 129.9,(5 (2.5) 1224 (45) 209.1 (0.8)

Figuh "The animated large-amplitude hydrogen bond vibrational modes of the global po-
tential eftergy minimum of (CH,0), together with the principal coordinate system for a CH,O
subunit (center). The two observed low-frequency mode resembles an acceptor b-axis librational
mode (left) whereas the observed high-frequency mode resembles a donor c-axis librational
mode (right).
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Ajlstlge the severe limitations of the harmonic approximation for this class of intermolecular
Pu bz|iilgth1hi|(g] al motion, the harmonic predictions qualitatively support the experimental isotopic
spectral shifts associated with the H/D substitutions of CH50O. The harmonic isotopic spec-
tral red-shifts predicted for the complete deuteration of the CH,O monomer are approximate
50% larger than the predicted isotopic spectral shifts for the mono-deuteration of CH,O for
all three infrared active large-amplitude libational modes of the C'; conformation of (CH50)s.
This pattern is in excellent agreement with the spectroscopic findings éﬁ“ the acceptor b-axis
and donor c-axis librational bands, whereas the predicted isotopic spec Mh\if;cs for the low-
wavenumber donor b-axis librational band origin cannot be compa d% experimental values
in the present work. In the harmonic approximation, the libratiofial band origins are further-
rotational constants for the

more directly proportional to the square root of the correspon
isolated subunits. The inspection of known values for the rotatiofialconstants By and Cq of
the isolated subunits CH,O, CHDO and CD,0O% reveals
deed qualitatively predicts the correct order of the obsgl"v

imple harmonic model in-
isot}pic spectral shifts both for
the assigned donor c-axis libration and the acceptor{b-axig libration. The c-axis librational
band origins are slightly more affected by H/D sub\l(t%;o ‘s)chan the b-axis librational band
ifts

origins in accordance with the observed isotopic Shi
and further support the proposed assignments.\

h in the neon and para-H, matrices

The large-amplitude nature of the interm ea%\s’brational motion for (CH0)s is expected to
involve substantial anharmonic contributions té the band origins in the order of 15-25% due to

t
the very shallow potential energy surfa: sctibing the weak intermolecular CH--O hydrogen
bond motif.!3:14:16:36:37 The direct isoll between the experimental observations and the
harmonic MP2/aug-cc-pVQZ predictionsgndeed indicates deviations in the order of 20% (neon
matrices) to 30% (para-Hy

trices). These observed deviations can thus probably to a large

extent be ascribed to the ?335 anharmonicity of the large-amplitude intermolecular vi-

brational coordinates, althgugh additional smaller spectral shifts associated with perturbations

induced by the cages X\gehk tfix hosts may be included. The smaller matrix cages in neon
e

relative to para-H ain the higher band origins observed in neon matrices as minor

repulsive steric S ilay originate from the more congested neon host environment. How-
rared vibration-rotation-tunneling (VRT) study of (HyO), probed in
molecular heams

neon matrix specttal blue-shifts relative to gas phase in the sub-% range for large-amplitude

lane 1ntermolecular donor OH librational band origins of these prototypical hydrogen-

bonde cluste‘s molecules.''3° Based on these independent investigations, the present neon
mafrix isolation findings are considered to have near-gas-phase quality in the investigated THz
regio hé*combined experimental findings thus provide overwhelming experimental evidence

for the existence of the Cy potential energy minima of (CH20), in the cryogenic neon and
para-Hs environment. The scaled harmonic predictions suggest that two infrared active bands
associated with large-amplitude vibrational motion of the (s, conformation would be observ-
able around 110 and 50 cm™! in the neon matrices. However, the latter transition energy is
outside the present experimental cut-off and the THz spectra for the doped neon matrices do

12
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A«Itpfee | any distinct band around 110 ecm™".

Publishing

Table 3: The electronic dissociation energy D., the total change of harmonic vibrational zero-point
energy upon complexation AZPE and the resulting absolute dissociation energy D, for the two
most stable Cs and Cyy, conformations of (CH20), (units of kJ-mol™?).

i

Model CCSD(T)-F12/aug-cc-pVTZ* CCSD(T)/CBSP CCSD ‘t];l;b/aug—cc—pvn’)zc
r

Tschumper et al.® Dolgonos” o Present work
C, D. 19.2 18.5 ) 192
AZPE 6.9 5.4 \ 5.5
Dy 12.3 13.1 ‘) 13.7
Can D, 15.8 15.0 -
AZPE 4.1 s7
Do 11.7 113, )

# Electronic energies for optimized geometries at e(M.P2 @Jg—cc—pVTZ level. The AZPE-value
is based on harmonic force fields at the MP2/aug-¢epVFZ level.
> The AZPE-value is based on anharmonic ( w fields at the MP2/aug-cc-pVTZ level.

¢ Electronic energies for counterpoise—corr%e ries at the MP2/aug-cc-pVQZ level. The

AZPE-value is based on semi-empirical forcefields(see text).
N
vi

The observation of three large-amplit ational transitions enables the first reliable de-

termination of a semi-empirical v f change of vibrational zero-point energy upon

complexation (AZPE) of the two CHy@Q_subunits. An accurate theoretical value for this quan-
vibrational motion, is notoridugl ficult to predict. In a recent work Dolgonos’ reported
an anharmonic treatmeng at the 2/aug-cc-pVTZ level based on second-order vibrational
perturbation theory‘mg( in its implementation by Barone (VPT2)*%% in conjunction with har-
monic frequencies at th T)/aug-cc-pVQZ level (Table 3). These anharmonic vibra-

e'QCS
tional zero-point e@\cfr}ctions translated the dissociation energy at equilibrium for the
potential energy minimum C, of 18.5 kJ-mol™! computed in the CCSD(T)/CBS limit into a
Dg-value of 13. ~myl_1. In a similar approach a Dy-value of 11.3 kJ-mol™! was obtained
in the CCSD(T)/

amplitude ratioslal motion for the shallow potential energy surface of (CH20),, however,

tity, including the anharmoni G&%g:ﬁl‘ltio s from the class of large-amplitude hydrogen bond
ly

—

limit for the local C'yy, potential energy minimum (Table 3). The large-

—
probably chalﬁnges the applicability of this VPT2 approximation and we propose here an ex-

rooted value of AZPE based on the present THz observations. The fact that our
har \n;z MP2/aug-cc-pVQZ predictions overshoot the two unambiguously assigned hydrogen

perimen

bond likrational band origins from the neon matrix with 20% suggests a uniform scaling factor
of this size for the complete class of six large-amplitude intermolecular vibrational modes. This
simple scaling approach, which corrects the harmonic predictions for the unavailable contribu-
tions from mechanical anharmonicity and potential matrix shifts for the three remaining modes,
should ideally treat these three modes individually as both the anharmonicity constants and

the matrix cage perturbations obviously depend on the specific vibrational coordinates. How-

13
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AI I,Jne‘ e 1nd1v1dual scaling factors for the three remaining infrared forbidden large-amplitude
Publistdn gie not accessible at this point. The uniform scaling approach for the remaining three
intermolecular modes provides a semi-empirical value of 5.0 kJ-mol~! for the intermolecular
part of AZPE upon complexation. The anharmonic contributions to the minor complexation
shifts of the small-amplitude intramolecular vibrational modes of (CH20), can be neglected as
the total harmonic value for the intramolecular part of AZPE is 0.5 kJ-mol™! (see the Supple-
mental Material). The resulting total semi-empirical AZPE-value of 5.?!]'11101_1 is estimated

to have an error of 0.3 kJ-mol~! owing to potential non-uniform anhar Norrections and
non-uniform minor perturbations by the neon matrix host. This s jnplrlc 1 AZPE-value

interestingly agrees perfectly well with Dolgonos’ prediction based“en séegnd-order vibrational
perturbation theory.” The present electronic energies at the C ( 12b/aug-cc-p5Z level,
based on counterpoise-corrected MP2/aug-cc-pVQZ optimize ofitetries, provides a D.-value

of 19.2 kJ-mol~! as shown in Table 2. This result is in dxcellent ‘agreement with the recent

work by Tschumper et al.® and a resulting semi- emplrlcal imate for the dissociation energy
Dy of 13.740.3 kJ-mol ™" is then obtained for the glob pot tial energy minimum of (CH20),

(Table 3). \
N

To conclude, the present THz observation \fﬁ% embedded in neon and para-Hy matrices
based on combined concentration depe‘\%neasurements, dedicated annealing experiments
S

6. Conclusions

and the use of isotopically enrich % nples allow for the unambiguous assignment of
three of the six large-amplitude intermglecular vibrational modes for (CH30),. In the neon
' e'w'.%e)mtional bands associated with the donor c-axis librational

ibratipnal mode (acceptor wagging mode) are observed at 167

matrices, the two infrared ac

mode and the acceptor b-

and 123 cm™!, respectivelf;, whiereasthe third band around 95 cm™! associated with the donor

b-axis librational mo%«;/ (doneg Wégging mode) is severely overlapped by a strong rotational-
translation-couplingetransition of CH,O induced by the tight neon matrix cages. In a series
@investlgations of (CHy0)s embedded in 99.9% para-H, matrices with
significantly lagger matuix cages, all three large-amplitude intermolecular vibrational bands are
observed at 151

thereby all hlfted bysapproximately 10% relative to the neon observations. The combined spec-

of complementar
0 aryl 83 cm ™! owing to the lack of rotational-translation-coupling bands and
troscopie.ol vab s are in excellent agreement with the present and recent high-level quantum

chemical calc ations suggesting that the C conformation of (CH,0O), is the global potential
m n.”8 The present experimental THz observations enable the first reliable semi-

'determmatlon of the change of vibrational zero-point energy (AZPE) of 5.5 £0.3
kJ -mol ! for the (CH,0), complexation process. This semi-empirical value interestingly agrees
perfectly well with Dolgonos’ recent prediction based solely on second-order vibrational per-
turbation theory.” The combination with an electronic dissociation energy D, of 19.2 kJ-mol™?
computed at the CCSD(T)-F12b/aug-cc-p5Z level based on counterpoise-corrected MP2/aug-
ce-pVQZ optimized geometries, then provides a Dg-value of 13.740.3 kJ-mol~! for the global
C's potential energy minimum of (CH50)s.
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Supplemental Material

The calculated absolute electronic energies employing the MP2, CCSD(T) and CCSD(T)-F12
methodologies with Dunning’s correlation-consistent the aug-cc-pV(V,Q,5)Z basis sets and the
calculated harmonic vibrational zero-point energy corrections employing ?e MP2/aug-ce-pVQZ

method are given as supplementary material. \
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