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Structures	and	internal	dynamics	of	diphenylether	and	its	aggregates	with	
water	

M.	Fatimaa,	 D.	Mauéb,	 C.	Pereza,	 D.	Tikhonova,	 D.	Bernhardb,	 A.	Stammb,	 C.	Medcrafta,c,	 M.	Gerhards*b,	
M.	Schnell*a	

We	 report	 on	 a	 detailed	 multi-spectroscopic	 analysis	 of	 the	 structures	 and	 internal	 dynamics	 of	
diphenylether	 and	 its	 aggregates	 with	 up	 to	 three	 water	 molecules	 by	 employing	 molecular	 beam	
experiments.	 The	 application	 of	 stimulated	 Raman/UV	 and	 IR/UV	 double	 resonance	 methods	 as	 well	 as	
chirped-pulse	 Fourier	 transform	 microwave	 spectroscopy	 in	 combination	 with	 quantum-chemical	
computations	yield	the	energetically	preferred	monomer	and	cluster	geometries.	Furthermore,	the	complex	
internal	 dynamics	 of	 the	 diphenylether	monomer	 and	 the	 one-water	 clusters	 are	 analysed.	 In	 the	 cluster	
with	 three	 water	 molecules,	 water	 forms	 a	 cyclic	 structure	 similar	 to	 the	 isolated	 water	 trimer.	 The	
interactions	ruling	the	structures	of	the	higher-order	water	clusters	are	a	combination	of	the	ones	identified	
for	 the	 two	 monohydrate	 isomers,	 with	 dispersion	 being	 a	 decisive	 contribution	 in	 systems	 that	 have	 a	
delicate	energetic	balance	between	different	hydrogen-bonded	arrangements	of	similar	energy.		

	

1.	Introduction	

The	ability	of	molecules	to	adjust	their	structures	according	to	
their	 chemical	 environment	 can	be	of	 utmost	 importance	 for	
their	 chemical	 function.	 This	 ability	 is	 often	 represented	 by	
structural	 flexibility,	 resulting	 in	 conformational	 richness	
and/or	 large	 amplitude	motions.	 As	 such,	 characterization	 of	
structural	flexibility	can	be	relevant	when	trying	to	understand	
the	 function	 of	 molecules,	 be	 it	 in	 chemical	 reactions	 or	
biological	environments,	 for	example.1–5	 It	 is	well	 known	 that	
structure	and	structural	flexibility	can	be	largely	influenced	by	
their	 environment,	 namely	 by	 interactions	 with	 other	
molecules.	In	some	cases,	the	energy	order	of	conformers	of	a	
specific	 molecule	 is	 significantly	 altered	 upon	 complexation	
with	 other	 species.	 For	 example,	 in	 the	 case	 of	 15-crown-5	
ether	 (15c5)6,	 when	 isolated	 in	 the	 gas	 phase,	 the	 15c5	 ring	
reduces	 its	 conformational	 flexibility	 to	 only	 two	 different	
open	 ring	 crown	 structures	 to	 maximize	 host-guest	
interactions.	Here,	already	only	one	water	molecule	 is	able	to	
drastically	alter	the	conformational	landscape	of	the	15c5	ring.	
The	 ability	 of	 15c5	 to	 change	 its	 overall	 shape	 by	 rotation	
around	 its	 C-C	 single	 bonds	 to	 optimize	 intermolecular	
interactions	 with	 its	 binding	 partner	 is	 a	 general	 effect	
observed	in	many	molecular	systems.		

Molecular	 spectroscopy	 techniques,	 complemented	 by	
quantum-chemistry	 computations,	 are	 ideally	 suited	 to	
investigate	 the	 structure,	 conformational	 flexibility,	 and	

intramolecular	dynamics	of	molecules	and	molecular	clusters.	
Employing	 a	 supersonic	 expansion	 in	 the	 gas	 phase	 provides	
internally	 cold	 molecules	 and	 complexes	 under	 collision-free	
and	 isolated	 conditions,	 which	 allows	 for	 their	 study	
independent	on	the	environment.	Interesting	examples	in	this	
rich	 field	 include	 molecular	 and	 chirality	 recognition	 and	
microsolvation,	among	others.7–10		

Recently,	 we	 studied	 the	 aggregation	 of	 diphenylether	 (DPE)	
with	a	series	of	alcohol	molecules	with	increasing	chain	length	
and	 found	 a	 significant	 structural	 adjustment	 of	 the	 DPE	 to	
best	accommodate	the	alcohol.	11–13	In	the	isolated	monomer,	
the	 two	 phenyl	 rings	 of	 DPE	 are	 arranged	 such	 that	 the	 two	
dihedral	angles	 including	 the	ether	oxygen	atom	are	of	equal	
magnitude	 (about	 40°),	 while	 they	 open	 to	 an	 almost	
perpendicular	 arrangement	 (90°)	 when	 complexed	 with	 the	
two	 bulky	 alcohols	 tert-butyl	 alcohol	 and	 adamantol.	 This	
structural	rearrangement	is	important	to	explain	an	interesting	
change	 in	 binding	 preference	 of	 alcohols	with	 increasing	 size	
to	DPE.	DPE	offers	two	qualitatively	different	binding	sites,	the	
ether	oxygen	atom	and	the	π	clouds	of	the	phenyl	rings,	which	
makes	it	a	particularly	interesting	system	to	study.	To	date,	it	is	
still	 difficult	 to	 predict	 preferred	 intermolecular	 interaction	
sites.	With	increasing	size	of	the	side	chain	of	the	alcohol,	we	
observe	a	preference	towards	the	O	binding	site	via	hydrogen	
bonding.	 This	 can	be	explained	with	 the	 geometrical	 opening	
of	 the	 DPE,	 which	 enables	 the	 alcohol	 to	 form	 a	 hydrogen	
bond	 to	 the	 ether	 oxygen	 atom	 and,	 at	 the	 same	 time,	 to	
generate	 dispersion	 interactions	 between	 the	 alcohol	 side	
chain	and	the	phenyl	rings.		

Such	a	structural	flexibility,	however,	can	also	manifest	itself	in	
rich	 internal	 dynamics,	 especially	 in	 systems	 with	 high	
symmetry.	 In	 high-resolution	 rotational	 spectroscopy,	 such	
internal	motions	typically	result	in	characteristic	line	splittings.	
Their	 analysis	 allows	 for	 determination	 of	 the	 corresponding	
tunnelling	 pathways	 and	 the	 associated	 barriers	 between	
equivalent	 forms.	 In	 the	 case	 of	 the	 isolated	 DPE	monomer,	
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the	 two	 phenyl	 rings	 can	 rotate	 around	 their	 respective	 C-O	
single	bonds,	hindered	by	low	barriers.	Indications	of	this	have	
been	 reported	 before	 using	 different	 spectroscopic	
techniques,	 such	 as	 resonance-enhanced	 multi-photon	
ionization	and	NMR	spectroscopy	as	well	as	quantum-chemical	
computations.14–21	However,	 once	 the	molecule	 is	 complexed	
with	 another	 molecular	 species,	 internal	 dynamics	 are	 often	
not	 observed	 anymore,	 as	 in	 the	 case	 of	 DPE-CH3OH,	 DPE-
tBuOH,	DPE-adamantol,	and	also	the	DPE	dimer.22	The	reason	
is	two-fold:	in	many	cases	the	complexing	molecules	sterically	
hinder	and	thus	“lock”	the	structure	of	the	flexible	molecule	to	
a	certain	conformation,	but	a	more	general	reason	is	that	the	
symmetry	 is	 often	 broken	 upon	 complexation.	 Tunnelling	
occurs	 between	 equivalent	 minima.	 Complexation	 typically	
results	 in	 minima	 of	 different	 energies,	 i.e.,	 it	 breaks	 the	
symmetry	of	the	initial	tunnelling	problem.		

Here,	 we	 use	 the	 double-resonance	 methods	 Stimulated	
Raman	 (Ionization	 Gain	 Stimulated	 Raman	 Spectroscopy	
(IGSRS),	 Ionization	 Loss	 Stimulated	 Raman	 Spectroscopy	
(ILSRS)),	and	combined	IR/UV	spectroscopy	as	well	as	chirped-
pulse	 Fourier	 transform	 microwave	 (CP-FTMW)	 spectroscopy	
to	 investigate	the	structure	and	internal	dynamics	of	DPE	and	
its	 complexes	with	 up	 to	 three	water	molecules.	 Besides	 the	
rich	tunnelling	dynamics	occurring	 in	the	DPE	monomer,	DPE-
H2O	 is	 an	 interesting	 case	 for	 internal	 dynamics	 studies.	 Two	
isomers	 were	 observed	 for	 DPE-H2O:	 an	 OH-O	 and	 an	 OH-π	
bound	 one.12	 For	 both	 isomers,	 characteristic	 tunnelling	
splittings	are	recorded	in	their	rotational	spectra,	which	differ	
qualitatively	and	quantitatively	from	each	other	and	which	will	
be	analysed	in	more	detail	as	part	of	this	manuscript.	

This	manuscript	 is	structured	as	follows:	We	first	describe	the	
experimental	and	computational	approaches,	 in	particular	the	
ILSR	 and	 IGSR	 methods,	 applied	 for	 the	 first	 time	 to	 ether	
molecules	 and	 aggregates.	 We	 then	 describe	 the	
computational	and	spectroscopic	results	of	the	monomer,	with	
a	particular	focus	on	structure	and	internal	dynamics,	followed	
by	 an	 analysis	 of	 the	 DPE-water	 clusters,	 including	 effects	 of	
dispersion	interactions.	

2.	Experimental	and	computational	details	

2.1.	Stimulated	Raman	Spectroscopy	and	IR/UV	methods	

The	 Ionization	 Gain	 Stimulated	 Raman	 Spectroscopy	 (IGSRS)	
was	introduced	by	Owyoung	in	1983	23	for	the	examination	of	
NO	 and	 was	 further	 developed	 by	 Felker	24,	 who	 also	
introduced	 the	 concept	 of	 the	 Ionization	 Loss	 Stimulated	
Raman	 Spectroscopy	 (ILSRS)	 for	 benzene,	 its	 dimers,	 and	
further	molecules	 with	 aromatic	 units.25	 In	 addition	 to	 these	
two	 groups,	 Ito	26	 and	 Bar	27,28	 performed	 additional	
improvements	 and	 applications.	 The	 stimulated	 Raman	
methods	 are	 complementary	 to	 the	 combined	 IR/UV	
technique	 cf.	 e.g.	 Ref.	 29–36	 and	 offer	 further	 access	 (in	
combination	 with	 theoretical	 applications)	 to	 structural	
arrangements	 of	 isolated	 molecules.	 The	 class	 of	 ether	
molecules	 is	 investigated	 in	 this	 work	 for	 the	 first	 time	 with	
respect	to	stimulated	Raman	methods	by	using	a	new	set-up	in	
the	Gerhards	group.	These	 investigations	 in	combination	with	
IR/UV	 and	 CP-FTMW	 spectroscopy	 are	 important	 to	 clarify	
structural	arrangements	of	clusters	of	DPE	with	water.	

The	concepts	of	the	applied	ILSR	and	IGSR	methods	are	shown	
schematically	in	Figure	S1.	A	detailed	description	is	given	in	the	
ESI.	The	stimulated	Raman	spectra	are	plotted	as	a	function	of	the	
ion	signal	vs.	wavelength;	the	latter	one	results	from	the	difference	
of	 νp	 (pump	 photon)	 and	 νs	 (Stokes	 photon	 for	 stimulated	
emission),	 see	 Figures	 3,	 4,	 and	 S1.	 The	 experiments	 were	
performed	by	using	tunable	nanosecond	laser	systems.	The	UV	
laser	radiation	was	generated	via	second	harmonic	generation	
in	a	BBO	crystal	using	the	output	of	a	 frequency-doubled	dye	
laser	(Sirah,	Cobra-Stretch).	The	tunable	dye	laser	was	pumped	
by	the	second	harmonic	(532	nm)	of	a	Nd:YAG	laser	(SpitLight	
600,	 Innolas).	 The	 visible	 beams,	 required	 for	 the	 Raman	
methods,	were	obtained	from	an	additional	frequency	doubled	
Nd:YAG	 laser	 (SpitLight	 1000,	 Innolas).	 The	 output	 of	 the	
Nd:YAG	laser	was	divided	in	a	one-to-four	ratio,	so	that	80%	of	
the	output	pumped	a	 tunable	dye	 laser	 (Sirah	Precision	Scan)	
to	generate	the	visible,	tunable	Stokes	beam	(νs)	and	the	20%	
of	the	output	provided	as	the	pump	photon	(νp).	For	the	IGSR	
and	ILSR	spectra,	the	“Stimulated	Raman	beams”	were	shifted	
by	 30	ns	 prior	 to	 the	 UV	 beam.	 For	 both	 the	 IGSR	 and	 ILSR	
method,	all	beams	are	spatially	overlapped.	

The	experimental	spectra	were	recorded	in	a	molecular	beam	
apparatus	consisting	of	a	differentially	pumped	linear	time-of-
flight	 mass	 spectrometer	 (TOF-MS).33,34	 The	 substance	 was	
brought	into	the	carrier	gases	(neon	or	helium)	via	the	gas	flow	
over	 the	 sample.	 The	 supersonic	 molecular	 beam	 was	
generated	 by	 a	 pulsed	 valve	 (Series	 9	 and	 pulse	 driver	 Iota	
One,	 General	 Valve,	 500	 µm	 orifice).	 The	 DPE	 sample	 was	
purchased	 from	 Fluka	 (>	 99%)	 and	 used	 without	 further	
purification.	 In	 case	 of	 spectra	 of	 DPE/water	 aggregates,	 the	
carrier	gas	 flowed	both	over	a	sample	with	DPE	and	a	cooled	
sample	with	water.	

2.2.	Rotational	spectroscopy	

The	 rotational	 spectra	 of	 DPE	 and	 its	 water	 clusters	 were	
recorded	 with	 the	 Hamburg	 CP-FTMW	 spectrometer	
COMPACT	 in	 its	 2−8	GHz	 low-frequency	 range.	 Experimental	
details	are	given	elsewhere.37,38	DPE	(stated	purity	≥	99%)	was	
purchased	 from	 Sigma-Aldrich	 and	 used	 without	 further	
purification.	 The	 molecules	 were	 seeded	 into	 a	 supersonic	
expansion	using	a	pulse	nozzle	(Parker	General	Valve,	Series	9)	
equipped	with	a	modified,	heatable	reservoir.	DPE	was	placed	
into	the	reservoir,	which	is	in	front	of	the	solenoid	close	to	the	
valve	 orifice	 (diameter	 1.1.	mm),	 and	 heated	 to	 85°C.	 Neon	
(3	bar	 backing	 pressure)	 was	 used	 as	 a	 carrier	 gas	 to	 form	 a	
supersonic	 expansion	 into	 the	 vacuum	 chamber.	 For	 the	
observation	 of	 the	 water	 clusters,	 a	 second	 reservoir	
containing	 water	 was	 added	 upstream	 the	 neon	 gas	 line.	 To	
experimentally	determine	 the	position	of	 the	oxygen	atom	of	
the	 water	 molecules	 in	 the	 DPE-water	 complexes,	 a	 1:1	
mixture	of	H2

16O	and	H2
18O	was	used.	

For	each	gas	pulse,	 the	ensemble	of	molecules	was	polarized	
with	 a	 series	 of	 eight	 microwave	 chirps	 of	 4	μs	 duration	
spanning	 2-8	GHz.38	 The	 chirps	 were	 generated	 with	 an	
arbitrary	 waveform	 generator	 (AWG),	 amplified	 by	 a	 300	W	
travelling	 wave	 tube	 amplifier,	 and	 transmitted	 into	 the	
vacuum	 chamber	 with	 a	 horn	 antenna.	 Following	 each	
excitation	chirp,	40	μs	of	the	free	induction	decay	(FID)	of	the	
macroscopic	ensemble	of	polarized	molecules	were	recorded,	
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yielding	 a	 frequency	 resolution	 of	 25	kHz.	 For	 the	 DPE	
monomer,	 a	 total	 of	 6	million	 averages	 were	 co-added	 and	
Fourier	 transformed	with	a	Kaiser–Bessel	window	 function	 to	
give	 the	 broadband	 rotational	 spectrum	 in	 the	 frequency	
domain.	 For	 the	 DPE-water	 clusters,	 a	 total	 of	 5	million	
averages	were	co-added	and	post-processed	in	the	same	way.	
To	 determine	 the	 position	 of	 the	 oxygen	 atom	 in	 the	 DPE-
water	 complexes,	 an	 isotopically	 enriched	 sample	 of	 water	
with	H2

18O	was	used,	and	a	 total	of	10	million	averages	were	
co-added.	 All	 spectra	 were	 first	 fit	 to	 an	 asymmetric	 rotor	
Hamiltonian	 using	 the	 JB95	 program.38,39	 The	 transition	
frequencies	were	 then	 refined	using	 the	AABS	program	suite,	
and	 the	 final	 asymmetric	 rotor	 Hamiltonian	 fits	 were	
completed	with	SPFIT.40,41	Line	lists	for	all	the	assigned	species	
are	provided	in	the	ESI	(Tables	S14-S38).	

The	refinement	of	the	r0-structure	(see	below)	was	performed	
in	Cartesian	coordinates	constraining	the	overall	C2	symmetry	
of	DPE	with	soft	restrictions	by	quantum-chemical	calculations	
introduced	via	regularization42	using	the	UNEX	software.43	The	
influence	of	the	quantum-chemical	parameters	was	calculated	
as	given	in	Ref.	44.	

2.3.	Computational	details	
The	equilibrium	structure	of	the	DPE	monomer	was	obtained	at	the	
B3LYP-D3(BJ)/def2-TZVP	 (using	 Gaussian	 09)	 and	 SCS-MP2/def2-
TZVPP	levels	of	theory.	The	quantum-chemical	computations	to	
investigate	 the	 internal	 dynamics	 of	 the	 DPE	monomer	were	
performed	 using	 the	 Orca	4	 software	45	 employing	 the	 def2-
TZVPP	basis	set	and	the	RI-JK	approximation	using	the	def2/JK	
basis	 set.46–49	 A	 relaxed	 scan	 of	 the	 phenyl	 groups	 internal	
rotation	potential	energy	surface	(PES)	of	DPE	was	obtained	at	
the	 B3LYP-D3(BJ)/def2-TZVPP	 level	50–52	 with	 increments	 of	
15°,	 and	 only	 the	 42	 unique	 points	 were	 computed.	 On	 the	
optimized	 geometries,	 DLPNO-CCSD(T)/def2-TZVPP53,54	 single-
point	energies	were	calculated	with	TightPNO	setting.		

The	internal	rotation	levels	were	obtained	from	the	solution	of	
the	2D	Schrödinger	equation	
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where	𝜽i	,	i=1,	2,	are	the	dihedral	angles	describing	the	internal	
rotation	of	the	respective	phenyl	groups,	Bij	are	the	kinematic	
coefficients	 obtained	 for	 the	 equilibrium	 geometry	 using	 the	
software	described	 in	Ref.	55,	and	V	 is	 the	approximated	PES	
of	 DPE.	 The	 approximation	 is	 based	 on	 the	 properly	
symmetrized	combinations	of	trigonometric	functions,	and	the	
results	 are	 given	 in	 the	 ESI.	 The	 eigenstates	 were	 obtained	
using	an	 in-house	Python	script	employing	a	discrete	variable	
representation	 (DVR)	 technique.56	 The	 increment	 in	 this	
calculation	was	5°.		

The	initial	structures	of	the	DPE-water	clusters	((H2O)n,	n=1-3)	
were	 obtained	 using	 different	 procedures,	 including	 manual	
construction	 based	 on	 chemical	 intuition	 (n=1-2)	 followed	 by	
MMFF94s57	 force	 field	 optimizations	 and	 searches	 using	 the	
GFN-xTB	 program58,	 which	 generates	 geometries	 by	 a	
simulated	annealing	conformational	search	 (n=3).	 In	all	cases,	

the	obtained	 structures	were	optimized	using	 the	DFT	hybrid	
functional	B3LYP	with	Grimme’s	dispersion	correction	D3	and	
Becke-Johnson	 damping52	 and	 the	 def2-TZVP	 basis	 set	 using	
Turbomole59,60	 (for	 n=1),	 by	 the	 application	 of	 the	 Berny	
algorithm	of	Gaussian	0961	using	energies	and	gradients	 from	
Turbomole	7.0	for	n=2,	and	by	using	Gaussian	09	for	n=3.	The	
geometries	 were	 confirmed	 as	 minimum	 structures	 by	
harmonic	 frequency	 calculations.	 Due	 to	 the	 neglected	
anharmonicity,	 the	harmonically	 calculated	vibrational	 frequencies	
based	 on	DFT	 calculations	 have	 to	 be	 scaled.	 Typically,	 no	 unique	
scaling	factor	for	the	whole	frequency	range	can	be	chosen,	for	the	
investigated	 spectral	 regions	 factors	 of	 0.99	 (C-O	 stretching	
region62,63)	 and	 0.96	 (CH	 stretching	 region64)	 are	 used. For	 DPE-
H2O	and	DPE-(H2O)2,	the	harmonic	frequency	calculations	were	
combined	 with	 calculated	 Raman	 activities	 (performed	 with	
Gaussian	 09).61	 These	 calculated	 Raman	 activities	 were	
converted	to	Raman	intensities	by	the	formula	adapted	by	the	
work	of	Polavarapu	and	Prabavathi	65,66	(cf.	ESI). 

Transition	 states	 needed	 to	 describe	 the	 observed	 water	
internal	motion	of	 the	OH-O	 isomer	of	 the	DPE	complex	with	
one	 water	 molecule	 were	 located	 using	 the	 nudged	 elastic	
band	 (NEB)	 method67	 at	 the	 B97-3c	 level	 of	 theory.	 The	
energies	 of	 stationary	 points	 (equilibrium	 and	 transitions	
states)	 using	 the	 structures	 obtained	 with	 B97-3c68	 were	
computed	at	the	DLPNO-CCSD(T)/def2-TZVPP	level	of	theory.	

To	 guide	 our	 interpretation	 of	 the	 intermolecular	 binding	
contacts,	we	performed	noncovalent	interaction	(NCI)	analyses	
using	 NCIPLOT.69	 This	method	 assists	 in	 the	 interpretation	 of	
the	 types	 of	 intermolecular	 interactions	 present	 in	 large	
complexes.	It	investigates	the	electron	density	regions	in	which	
the	 reduced	 density	 gradient	 (RDG)	 vanishes	 at	 low	 electron	
densities.	The	RDG	function	is	essentially	a	dimensionless	form	
of	the	electron	density	gradient	norm	function.	An	NCI	analysis	
provides	useful	iso-surfaces	of	the	RDG.	The	sign	of	the	second	
Hessian	eigenvalue	(λ2)	of	 the	density	allows	us	to	distinguish	
between	 different	 types	 of	 noncovalent	 interactions.	 The	
strength	 of	 the	 interaction	 can	 be	 derived	 from	 the	 electron	
density	ρ	in	the	corresponding	region.	To	quantify	the	different	
types	 of	 interaction,	 symmetry	 adapted	 perturbation	 theory	
(SAPT)	 calculations70	 were	 performed	 at	 the	 SAPT(0)/jun-cc-
pVDZ	 and	 SAPT(2+3)/jun-cc-pVTZ	 levels	 of	 theory	 using	 the	
Psi4	 program	 package.71–75	 The	 basis	 set	 jun-cc-pVDZ	
corresponds	 to	 a	 reduced	 aug-cc-pVDZ	 basis	 set	 (without	
diffuse	functions	on	hydrogen	and	without	diffuse	d	functions	
on	heavy	atoms).	

3.	Results	and	discussion	

3.1.	The	DPE	monomer	

3.1.1.	Theoretical	characterization	of	the	internal	dynamics	

The	 PES	 of	 DPE	 was	 computed	 previously.13,15,17,18,21	 It	 was	
recomputed	here	to	generate	the	respective	structures	for	the	
internal	dynamics	analysis.	Our	new	PES	is	given	in	Figure	1(a).	
The	 PES	 consists	 of	 two	 valleys	 (denoted	 with	 red	 and	 blue	
circles),	 each	 of	 the	 valleys	 contain	 four	 equivalent	 minima.	
Thus,	 the	 overall	 structure	 of	 the	 PES	 can	 be	 approximately	
described	 as	 a	 (four-fold	 potential	 for	 the	 anti-symmetric	
rotation	 of	 the	 phenyl	 groups)	 ⨂	 (2-fold	 potential	 for	 the	
symmetric	rotation	of	the	phenyl	groups).		
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Figure	 1:	 Theoretical	 analysis	 of	 the	 internal	 dynamics	 of	 the	 DPE	 monomer	 (see	 text	 for	 more	 details).	 (a)	 PES	 interpolated	 from	 a	
DLPNO(TightPNO)-CCSD(T)/def2-TZVPP//B3LYP-D3(BJ)/def2-TZVPP	rigid	scan	for	the	two	dihedral	angles.	The	white	areas	correspond	to	energies	
above	400	cm-1.	(b)	Splitting	scheme	with	respect	to	the	C4	molecular	symmetry	group	and	the	wavefunctions	corresponding	to	the	energy	levels.	
The	estimated	 splittings	Δν are	3	kHz	when	using	 the	B3LYP-D3	PES	 and	50	kHz	 for	 the	DLPNO-CCSD(T)	 PES.	 (c)	 Rotational	 transition	 scheme	
caused	by	the	μb	dipole-moment	component	that	corresponds	to	the	irreducible	representation	B	of	C4,	(d)	scheme	of	the	molecular	structure	of	
DPE	 including	 labelling	 of	 the	 carbon	 atoms,	 and	 (e)	 sketch	 of	 the	 predicted	 theoretical	 splitting	 of	 a	 particular	 rotational	 transition	 in	 the	
rotational	spectrum.		

	

The	 global	 minimum	 structure	 of	 DPE	 has	 C2	 point	 group	
symmetry.	 It	 is	 highly	 flexible,	 with	 low	 barriers	 hindering	
internal	 rotations	 around	 the	 C-O	 single	 bonds.	 The	 full	
molecular	 symmetry	 group	of	DPE	 is	G16,	 similar	 to	N2H4	 and	
N2O5.

76	 The	 redundant	 set	 of	 generators	 consists	 of	 i)	 the	
rotation	 around	 the	 C2	 symmetry	 axis	 (or	
(11’)(22’)(33’)(44’)(55’)(66’)	 in	 the	 notation	 of	 permutation-
inversion	group	 theory),	with	 the	 symmetry	axis	C2	being	 the	
b-inertial	 axis	 of	 the	molecule.	 This	 operation	 exchanges	 the	
two	phenyl	groups.	 ii)	C2

a	and	C2
b	(or	(26)(35)	and	(2’6’)(3’5’))	

are	 180°	 rotations	 of	 the	 individual	 phenyl	 groups	 a	 and	 b,	
respectively,	and	 iii)	E*	 is	 the	 inversion	operation.	A	mapping	
of	G16(N2H4)	to	G16(DPE)	is	given	in	Figure	S2.		

As	mentioned,	the	equilibrium	structure	of	DPE	has	an	overall	
C2	 symmetry	 with	 the	 two	 dihedral	 angles	 describing	 the	
arrangement	of	the	phenyl	groups	being	equal.	Both	B3LYP-D3	
and	 DLPNO-CCSD(T)	 computations	 estimate	 an	 equilibrium	
angle	of	40-45°.	The	barrier	for	internal	rotation	within	a	valley	
is	 approx.	 100	cm-1,	 whereas	 the	 energy	 needed	 to	 change	
from	one	valley	to	another	is	more	than	1000	cm-1	(see	Figure	
S3).	As	a	consequence,	rich	internal	dynamics	can	be	expected	
for	 the	 DPE	 monomer	 due	 to	 anti-geared	 internal	 rotation	
within	one	valley,	while	 torsional	motion	between	the	valleys	
are	 not	 expected	 to	 be	 feasible	 on	 the	 timescale	 and	
temperature	of	our	experiment.	Therefore,	 the	 full	molecular	
symmetry	group	G16	can	be	reduced	to	the	one	that	describes	
only	 the	 feasible	motion	 inside	a	 single	valley.	 In	 case	of	DPE	
this	 group	 is	 not	 trivial.	 It	 consists	 of	 four	 elements:	 E,	 C2

aσh,	
C2

aC2
b,	C2

b	σh ,	where	σh	=	E*	C2.	It	is	isomorphic	to	the	C4	point	
group,	which	is	a	cyclic	group	and	which	has	three	irreducible	

representations	 A,	 B,	 and	 E	 (see	 ESI).	 The	 μb	 dipole-moment	
component	is	the	only	non-zero	component	for	DPE.	Since	it	is	
anti-symmetric	 with	 respect	 to	 inversion,	 it	 belongs	 to	 the	
irreducible	 representation	 B.	 Each	 of	 the	 energy	 levels	
described	 by	 the	 C4	 group	 are	 doubly	 degenerate	 due	 to	 the	
equivalent	valleys.	The	splitting	patterns	and	transition	scheme	
are	 given	 in	 Figure	 1(b)	 and	 (c).	 The	 resulting	 tunneling	
splitting	of	the	energy	levels	can	be	transferred	to	splittings	of	
the	experimentally	observable	rotational	transitions,	Fig.	1(e).		

Due	 to	 the	 symmetry	 of	 the	 underlying	 PES,	 this	 shows	 a	
characteristic,	 equally	 spaced	 triplet	 splitting	 pattern	with	 an	
expected	 intensity	 ratio	of	1:2:1.	Note	 that	 line	 splittings	due	
to	large-amplitude	motion	scale	inversely	with	the	mass	of	the	
internally	 rotating	 moiety,	 resulting	 in	 comparatively	 small	
splittings	 for	 the	 heavy	 phenyl	 groups	 as	 internal	 rotors	
compared	to	lighter	methyl	groups,	for	example.	

3.1.2.	Rotational	spectroscopy	

Sections	of	the	high-resolution	broadband	rotational	spectrum	
of	 DPE	 are	 displayed	 in	 Figure	 2,	 highlighting	 different	
rotational	 transitions	 labeled	 using	 the	 standard	 asymmetric	
top	 notation	 JKaKc,	 where	 J	 is	 the	 total	 rotational	 angular	
momentum	 quantum	 number,	 and	 Ka,	 Kc	 represent	 the	
quantum	numbers	of	the	projection	of	the	angular	momentum	
onto	the	symmetry	axis	(a-	or	c-axis)	 in	the	two	limiting	cases	
of	 prolate	 and	 oblate	 symmetric	 tops,	 respectively.	 Only	 one	
molecular	 species	 could	 be	 observed	 in	 the	 rotational	
spectrum,	which	 is	 in	accordance	with	 the	 theory	 results	and	
the	Raman	observations	(vide	infra).	
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As	predicted	(Figure	1(e)),	the	rotational	transitions	of	the	DPE	
monomer	 are	 split	 due	 to	 internal	motion	 of	 the	 two	phenyl	
groups	with	respect	to	each	other.	As	a	two-C2	top	program	is	
not	 available,	 the	 components	of	 the	 triplet	pattern	 can	only	
be	 fit	 individually	 using	 an	 asymmetric-rotor	 Hamiltonian	
without	including	large-amplitude	motions	(Table	1).	However,	
the	 standard	 deviations	 for	 the	 low-	 and	 high-frequency	
tunneling	components	are	around	90	kHz	and	thus	significantly	
larger	than	for	the	centre	frequency.	This	highlights	that	these	
two	outer	 lines	are	strongly	affected	by	 the	 internal	 rotation.	
The	signal-to-noise	ratio	of	the	spectrum	was	sufficient	to	also	
obtain	the	rotational	spectra	of	all	the	six	singly	substituted	13C	
isotopologues	of	DPE	in	natural	abundance.	Due	to	the	overall	
C2	 symmetry,	 the	 isotopologue	 spectra	 have	 an	 increased	
intensity	 and	 are	 observed	with	 about	 2%	of	 the	 intensity	 of	
the	 parent	 isotopologue	 (natural	 abundance	 of	 13C	 is	 1.1%).	
Note	 that	 the	 G16	 molecular	 symmetry	 of	 DPE	 causes	 an	
interesting	phenomenon.	 Single	 substitution	of	 a	 12C	by	a	 13C	
atom	 often	 reduces	 the	 molecular	 symmetry,	 so	 that	
tunnelling	 would	 not	 occur	 between	 equivalent	 minima	
anymore.	As	a	result,	no	spectral	patterns	for	 internal	motion	
would	 be	 observed	 for	 such	 cases.	 In	 the	 case	 of	 DPE,	
however,	 we	 still	 observe	 tunnelling	 splittings	 for	 the	 singly	
substituted	 13C	 isotopologues,	 which	 qualitatively	 depend	 on	
the	 position	 of	 the	 substituted	 atom.	 For	 the	 isotopologues	
with	13C	single	substitution	in	1,	4,	1’	or	4’	position,	we	observe	
a	 similar	 triplet	 splitting	 pattern	 as	 for	 the	 parent	
isotopologue.	For	the	2,	3,	5,	6,	2’,	3’,	5’	or	6’	isotopologues,	a	
doublet	 structure	 is	 observed.	 These	 patterns	 can	 also	 be	
explained	 with	 the	 group-theoretical	 considerations	 outlined	
above.	The	MS	group	of	DPE	is	C4	=	{E,	C2

a*σh,	C2
a*C2

b,	C2b*σh}	
(see	Figure	S3	 in	the	ESI),	which	 is	a	subgroup	of	G16.	We	can	
restore	 this	 G16	 group	 from	 the	 C4	 group	 by	 adding	 a	 C2	
symmetry	element.	The	isotopic	substitution	in	the	positions	1,	
4,	1’	or	4’	removes	the	C2	symmetry	element,	but	since	this	is	
not	 contained	 in	 the	 C4	 group	 in	 the	 first	 place,	 which	
describes	 the	 internal	 motion	 in	 the	 parent	 isotopologue,	
removal	 of	 the	 C2	 element	 has	 no	 effect	 on	 the	 splitting	
pattern,	 and	 thus	 the	 same	 1:2:1	 triplet	 splitting	 is	 observed	
for	 the	 species	 with	 13C	 single	 substitution	 in	 1,	 4,	 1’	 or	 4’	
position	 as	 for	 the	 parent.	 For	 substitution	 in	 the	 other	
positions	 (2,	 3,	 5,	 6,	 2’,	 3’,	 5’,	 6’),	 either	 the	 C2

a	 or	 the	 C2
b	

symmetry	element	(rotation	of	one	of	the	two	phenyl	rings	by		

Table	1:	Experimental	rotational	constants	of	the	three	components	in	
the	 internal	 rotation	 triplet	 pattern	 of	 the	 DPE	 monomer	 based	 on	
three	individual	fits	using	an	asymmetric-rotor	Hamiltonian.	

Paramete
r	

Low	 Centre	 High	

A	(MHz)	 2361.873(27)		 2362.07003(92)	 2362.261(27)		
B	(MHz)	 	437.9652(31)	 	437.98867(21)	 	438.0122(32)	
C	(MHz)	 	412.4272(33)	 	412.44316(22)	 	412.4589(34)	
∆J	(kHz)	 			0.015(11)		 			0.02706(77)	 			0.038(11)		
∆JK	(kHz)	 			0.86(12)			 			1.0058(78)		 			1.14(12)			
∆K	(kHz)	 	-13.7(57)				 -	 		12.5(58)				
δJ	(kHz)	 		-0.0048(17)	 		-0.00210(11)	 			0.0007(17)	
ΔK	(kHz)	 		-0.45(52)			 			0.602(35)			 			1.70(53)			
Nlines	

a	 52	 52	 52	
σ	(kHz)	 91	 6.1	 92	

a	Number	of	fitted	lines.	

180°)	is	lost,	therefore,	C4	gets	reduced	to	Cs	=	{E,	C2
a*E*}.	

This	symmetry	reduction	due	to	13C	substitution	results	in	a	1:1	
doublet,	 as	 observed.	 In	 Table	 S6,	 the	 fits	 of	 the	 rotational	
spectra	 of	 the	 singly	 substituted	 13C	 isotopologues	 are	
summarized,	where	only	the	results	for	the	centre	frequencies	
are	included.	

The	 additional	 sets	 of	 rotational	 constants	 allow	 for	 the	
determination	of	the	positions	of	the	individual	carbon	atoms	
with	 respect	 to	 the	 centre	 of	 mass	 of	 the	 molecule,	 thus	
resulting	 in	 an	 accurate	 experimental	 structure	 that	 can	 be	
compared	 with	 the	 results	 from	 quantum-chemical	
calculations,	for	example	(see	Figure	2).		

Different	approaches	for	structure	determination	can	be	used.	
Kraitchman’s	equations	provide	the	substitution	structure,	rs

77.	
It	 assumes	 that	 the	 structure	 does	 not	 change	 upon	
substitution.	Least-squares	 fitting	approaches,	such	as	 the	so-
called	 r0	 and	 rm

(1)	 methods78,	 can	 also	 exploit	 multi-
substitution	 and	 can	 account	 for	 structural	 changes	 upon	
substitution,	which	might	be	relevant	in	the	case	of	the	floppy	
DPE	molecule.	The	structural	parameters	obtained	from	using	
the	 r0	 approach	 employing	 least-squares	 fitting	 are	
summarized	 in	 Table	 2	 together	 with	 results	 from	 quantum-
chemical	 calculations.	 The	 standard	 deviation	 of	 the	 r0	 fit	 is	
quite	 high	 (27	kHz),	 which	 might	 be	 due	 to	
vibrational/torsional	 contributions	 due	 to	 the	 low-barrier	
motions.	 In	 order	 to	 account	 for	 such	 contributions,	 the	 rm

(1)	
approach	 was	 employed,	 providing	 an	 improved	 standard	
deviation	 of	 the	 fit	 (17	kHz).	 Figure	 2	 (top	 left)	 shows	 a	
comparison	 between	 the	 experimental	 carbon	 backbone	
structure	 (rm

(1)	 fit,	 blue	 spheres)	 of	 the	 DPE	 monomer	 (left)	
with	 the	 structure	 calculated	 at	 the	 B3LYP-D3(BJ)/def2-TZVP	
level	 of	 theory	 (underlying	 grey	 structure),	 highlighting	 the	
good	agreement.	

	

	

Table	 2:	 Experimental	 and	 computed	 structural	 parameters	 for	 the	
DPE	 monomer	 (B:	 bond	 length,	 A:	 angle,	 D:	 dihedral	 angle).	
Unnumbered	 atoms	 denote	 average	 values	 over	 all	 possible	
parameters	of	this	kind.		

	
	

	

	

	

a@B3LYP-D3(BJ)/def2-TZVP		

b@SCS-MP2/def2-TZVPP;	 the	 parameters	 have	 no	 measurable	
contribution	 from	 the	 regularization	 by	 the	 SCS-MP2/def2-TZVPP	
geometry.	 
	cwRMSD:	 weighted	 root-mean-square	 deviation	 of	 the	 model	
rotational	constants	from	the	experimental	one	
dDeviation	of	the	fit		(RMSD)	
	

	

Parameter	 r0	fit	 rm
(1)	fit	 re	

a	 re	
b	

B(CC)	(Å)	 1.390(30)		 1.3891(28)	 1.39	 1.395	
B(OC)	(Å)	 1.406(35)	 1.37764(84)	 1.37	 1.383	
A(CCC)	(°)	 120(2)	 119.85(21)	 120	 120	
A(COC)	(°)	 116(3)	 119.467(99)	 120	 117	
D(C1OC1’C2’)	(°)	 43(2)		 40.81(29)	 40	 44	
wRMSD	(kHz)	c	 27	 -	 -	 -	
σ	(kHz)	d	 98	 17	 -	 -	
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Figure	2:	Parts	of	the	rotational	spectrum	of	the	DPE	monomer,	where	the	zoom-ins	highlight	the	characteristic	triplet	splitting	pattern	of	DPE	in	
both	R	and	Q	branches	due	to	 internal	motions	of	the	two	phenyl	groups	(upper	right	blue	box),	and	the	triplet	(C1,1’	and	C4,4’)	and	doublet	
(C2,2’,	 C3,3’,	 C5,5’	 and	 C6,6’)	 splitting	 patterns	 observed	 in	 the	 singly	 substituted	 13C	 isotopologues	 in	 natural	 abundance	 due	 to	 the	 same	
motions,	 presented	 here	 for	 the	 J’Ka’,Kc←JKaKc=515←404	 rotational	 transition	 of	DPE	 (lower	 right	 green	 box).	 In	 all	 spectra,	 the	 top,	 black	 trace	
shows	the	experimental	spectrum,	and	the	bottom	traces	give	the	simulated	spectra	based	on	the	assigned	rotational	constants	of	DPE	(red)	and	
its	13C	isotopologues	(multi-color).	The	experimental	structure	of	the	DPE	monomer	(rm

(1)	fit,	blue	spheres)	is	also	shown	(top	left,	see	also	Figure	
S4),	in	comparison	to	the	underlying	grey	structure	computed	at	the	B3LYP-D3(BJ)/def2-TZVP	level	of	theory.	

	

	

3.1.3.	Stimulated	Raman	spectroscopy	

To	 gain	 information	 about	 DPE	 by	 using	 stimulated	 Raman	
spectroscopy	 it	 is	 necessary	 to	 acquire	 knowledge	 about	
relevant	UV	excitations.	Therefore,	a	one-color	R2PI	spectrum	
was	 recorded	 in	 the	 range	 of	 35500	 to	 36000	cm-1	 (Fig.	 S4).	
The	 spectrum	 exhibits	 an	 electronic	 origin	 at	 35885	 cm-1	
(S1ßS0).	

The	 ionization-gain	stimulated	Raman	(IGSR)	spectrum	of	DPE	
(cf.	Fig.	3)	is	obtained	by	fixing	the	exciting	UV	laser	at	a		

	

	

Figure	3:	The	top	trace	shows	the	experimental	IGSR	spectrum	of	DPE	
in	 helium.	 The	 bottom	 trace	 results	 from	 a	 quantum-chemical	
calculation	 (DFT/B3LYP-D3(BJ)/def2-TZVP).	 With	 respect	 to	 this	
functional	and	basis	set,	the	typical	scaling	factors	for	the	CH	bending	/	
C-O	 stretching	 region	 (0.99)	 and	 the	 CH	 stretching	 region	 (0.96)	 are	
chosen.	

wavenumber	 below	 the	 electronic	 origin,	 in	 this	 case	
35461	cm-1	 is	 chosen.	 The	 IGSR	 spectrum	 exhibits	 two	 sharp,	
intense	transitions	at	1009	and	1028	cm-1,	both	corresponding	
to	CH-bending	vibrations	of	the	phenyl	rings.	The	fundamental	
of	the	C-O	stretching	mode	is	at	1207	cm-1.		

Both	 spectral	 regions	 exhibit	 a	 good	 agreement	 between	
experimentally	observed	and	calculated	CO	stretching	and	the	
CH	 bending	 transitions.	 In	 the	 region	 above	 3000	cm-1,	 the	
strong	 transition	at	3077	cm-1	 is	 in	an	excellent	agreement	 to	
the	calculated	transition	at	3075	cm-1.	The	 listed	 frequencies	of	
the	 DPE	 monomer	 (Tables	S7	 and	S8)	 and	 a	 comparison	 of	 the	
calculated	 frequencies	 to	 the	experimental	 transitions	are	given	 in	
the	SI	(Table	S9).	The	band	around	3050	cm-1	shows	no	efficient	
Raman	 signal	 and	 may	 contribute	 to	 the	 experimentally	
observed	 broad	 background.	 The	 Raman	 spectra	 support	 the	
assignment	 of	 the	 DPE	 structure,	 and	 they	 are	 important	 for	
the	further	discussion	of	the	clusters	with	water.	Additionally,	
it	 is	a	proof	of	 the	stimulated	Raman	method	with	respect	 to	
ether	 molecules,	 which	 have	 not	 been	 investigated	 by	 this	
method	before.		

Interestingly,	relatively	strong	transitions	above	3077	cm-1	are	
observed	 although	no	 vibrational	 transitions	 are	 theoretically	
predicted.	A	reason	for	these	additional	transitions	in	the	IGSR	
spectrum	of	 the	DPE	monomer	 can	 arise	 from	 fragmentation	
of	hydrates	on	the	mass	channel	of	the	monomer.	Small	traces	
of	water	can	lead	to	formation	of	clusters,	and	a	more	detailed	
analysis	of	DPE-water	clusters	is	described	in	the	following.	
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3.2.	The	DPE-(H2O)n	complexes	(n=1-3)	

3.2.1.	 Stimulated	 Raman	 spectroscopy	 and	 combined	 IR/UV	
spectroscopy	

Unfortunately,	 no	 background	 free	 gain	 spectra	 (IGSR)	 could	 be	
obtained	for	the	hydrated	DPE	aggregates.	This	phenomenon	is	not	
unusual,	and	 the	 reason	 for	 this	 cannot	clearly	be	clarified;	 it	may	
arise	 from	 insufficient	 Frank-Condon	 factors.	 Thus,	 the	 loss	
technique	 (ILSRS)	 was	 applied.	When	 recording	 ILSR	 spectra	 of	
DPE	 with	 one	 or	 two	 water	 molecules,	 spectra	 with	 similar	
vibrational	patterns	as	the	one	of	the	monomer	are	obtained.	
From	spectra	calculated	for	the	mono-	and	dihydrates,	strong	
transitions	 in	 the	 region	 between	 3080	 and	 3090	cm-1	 are	
predicted.	 Thus,	 it	 can	 be	 concluded	 that	 especially	 the	
additional	 bands	 at	 3085	 and	 3091	cm-1	 observed	 in	 the	
spectrum	 of	 DPE	 originate	 from	 fragmentation	 of	 higher	
clusters	 with	 water	 (DPE-(H2O)	 and	 DPE-(H2O)2)	 on	 the	 DPE	
monomer	mass	 channel	 (Figures	 4	 and	 S8).	 Furthermore	 the	
additional	band	at	3068	cm-1	is	also	observed	in	the	monomer	
spectrum	if	neon	is	chosen	as	expansion	gas	(Figure	S6)	leading	
to	 colder	 conditions,	 which	 favour	 the	 formation	 of	
aggregates.	

IR/R2PI	spectra	have	been	recorded	for	the	DPE-(H2O)2	cluster	
in	 the	 OH	 stretching	 region	 (Figure	 5).	 The	 comparison	 of	 the	
calculated	 frequencies	 to	 the	 experimental	 transitions	 of	 DPE-
(H2O)	and	DPE-(H2O)2	are	given	in	Table	S11.	Several	low-energy	
structures	 are	 obtained	 from	 geometry	 optimizations	 for	 the	
DPE-(H2O)2	and	DPE-(H2O)3	clusters.		

The	water	molecules	form	a	network	with	each	other	and	with	
the	DPE.	In	the	case	of	DPE-(H2O)2,	four	structures	below	

	

	
Figure	 4:	 ILSR	 spectrum	 of	 the	 CH	 stretching	 region	 (top	 trace)	 of	
DPE/water	 aggregates	 recorded	 on	 the	 mass	 channel	 of	 DPE-(H2O)	
(carrier	 gas	 helium).	 Quantum-chemical	 calculations	 (DFT/B3LYP-
D3(BJ)/def2-TZVP	 level)	 refer	 to	DPE-(H2O)	 (OH-π	arrangement),	DPE-
(H2O)2	 (OH-O	 arrangement),	 and	 also	 the	 DPE-(H2O)2	 cluster	 (OH-π	
arrangement),	 which	 can	 fragment	 on	 the	 DPE-(H2O)	 mass	 channel	
(scaling	factor	0.96).	

4	kJ/mol	 are	 identified	 from	 geometry	 optimizations	 (Figure	
S10).	 They	 have	 clear	 structural	 similarities	 to	 the	 DPE-(H2O)	
isomers,	 i.e.,	 the	OH-π	 or	 the	OH-O	binding	 schemes	or	both	
are	preserved.	The	two	most	stable	structures	obtained	at	the	
B3LYP-D3(BJ)/def2-TZVP	level	are	included	in	Figure	4	(Raman)	
and	 Figure	 5	 (IR)	 along	 with	 their	 calculated	 and	
experimentally	 observed	 CH	 and	 OH	 stretching	 frequencies,	
respectively.	

The	 OH-O	 structure	 consists	 of	 a	 water	 dimer	 bridging	 the	
ether	 oxygen	 and	 a	 phenyl	 ring	 of	 DPE.	 The	 π-bound	 water	
moiety	gains	additional	stabilization	from	a	CH···O	contact.	The	
OH-π	 structure	 is	 less	 stable	 than	 the	 OH-O	 arrangement	 by	
1.5	kJ/mol;	 it	 contains	 a	 water	 dimer	 moiety	 including	 two	
OH···π	 contacts	 for	 one	of	 the	water	molecules,	whereas	 the	
second	water	molecule	is	bound	via	a	CH···O	contact.	The	sum	
of	 the	 three	 H-bonds	 in	 the	 OH-O	 isomer	 (OH···π,	 OH···O,	
CH···O)	leads	to	a	slightly	higher	stabilization	than	the	three	H-
bonds	(two	OH···π	and	one	CH···O)	of	the	OH-π	isomer,	which	
is	also	discussed	in	more	detail	below	on	the	basis	of	SAPT	and	
NCI	calculations.		

The	comparison	of	the	calculated	and	experimentally	observed	
frequencies	 leads	 to	 the	 conclusion	 that	both	 the	OH···O	and	
OH···π	 arrangement	 coexist.	 This	 assumption	 explains	 the	
experimentally	observed	Raman	and	IR	spectra	(Figures	4	and	
5)	and	yields	an	insight	into	the	general	structure	of	DPE	with	
two	water	moieties.	

3.2.2.	Rotational	spectroscopy	

As	 mentioned	 already	 in	 Ref.	12,	 where	 we	 presented	 a	
comparison	between	different	DPE-XOH	complexes	 (which	X=	
H,	CH3,…)	and	as	discussed	in	the	stimulated	Raman	and	IR/UV		
spectroscopy	section	above,	we	observe	two	energetically	low-	
lying	DPE-H2O	 isomers,	 an	OH-π	 bound	 species	 and	 an	OH-O	
bound	 species.	 The	 calculated	 zero-point	 energy	 difference	
(including	BSSE	correction)	between	the	two	 isomers	 is	about	
2.3	kJ/mol	at	the	B3LYP/def2-TZVP	level	of	theory.	

	

	

	

Figure	5:	IR/R2PI	spectrum	of	DPE-(H2O)2	via	the	UV	excitation	energy	
of	 35907	cm−1	 using	 the	 carrier	 gas	 neon,	 compared	 to	 calculated	
vibrational	 frequencies	 for	 the	 two	most	 stable	 clusters	 calculated	at	
the	B3LYP-D3(BJ)/def2-TZVP	 level.	Scaling	 factor	0.96	 (see	also	Figure	
S9).	
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A	 section	 of	 the	 broadband	 rotational	 spectrum	 that	 we	 obtain	
when	we	add	water	in	an	additional	reservoir	is	displayed	in	Figure	
6.	 The	 spectrum	 is	 rich,	 with	 dominant	 lines	 from	 the	 DPE	
monomer.	 Other	 strong	 lines	 in	 the	 spectrum	 belong	 to	 DPE	
complexed	 with	 more	 water	 molecules,	 such	 as	 DPE-(H2O)2	 and	
DPE-(H2O)3.	Sections	b	and	c	of	Figure	6	 illustrate	the	 line	splitting	
caused	 by	 internal	motion	 for	 the	OH-O	 and	 the	OH-π	 isomers	 of	
DPE-H2O.	For	OH-π,	line	splittings	into	two	components	(denoted	as	
0+	and	0-)	are	observed	(Figure	6b),	while	for	OH-O,	each	rotational	
transition	is	split	into	four	lines	(Figure	6c).	

These	 different	 splitting	 patterns	 point	 to	 different	 tunneling	
pathways,	as	described	below.	Table	3	summarizes	the	results	from	
fitting	the	doublet	lines	corresponding	to	the	0+	and	0-	components	
separately	to	an	asymmetric	rotor	Hamiltonian,	in	comparison	with	
calculated	 rotational	 parameters	 for	 the	 OH-π	 DPE-H2O	 complex	
geometry.	

In	the	OH-π	DPE-(H2O)	cluster	isomer,	the	water	molecule	can	
perform	internal	rotation	around	 its	C2	axis,	which	causes	the	
characteristic	 tunneling	 splitting	 observed.	 To	 explain	 the	
observed	splitting	pattern	for	the	OH-O	DPE-(H2O)	cluster,	we	
have	 investigated	 four	 possible	 interconversion	 pathways	
between	equal	configurations	(Figure	8):	

a)	 antisymmetric	 internal	 rotation	of	 the	 two	phenyl	groups,	
i.e.,	the	motion	that	is	causing	the	observed	b-type	tunnelling	
splitting	in	the	case	of	the	DPE	monomer;	

	
Figure	6:	(a)	A	section	of	the	2–8	GHz	rotational	spectrum	of	DPE–H2O	
(5	 million	 acquisitions).	 The	 upper	 experimental	 trace	 in	 black	 is	
compared	with	simulations	based	on	fitted	parameters	for	DPE	and	its	
complexes	with	one	water	(OH-π	and	OH-O	isomers),	two	water	(2w)	
and	three	water	(3w)	molecules.	(b)	Parts	of	the	spectrum	showing	the	
tunneling	splittings	for	the	OH-π	isomer	indicated	with	0-	(red)	and	0+	
(green),	(c)	the	tunneling	fine	structure	in	the	OH-O	complex	(see	text),	
and	 (d)	 rotational	 transitions	 for	 the	 3w	 complex.	 The	 other,	 low-
intensity	 transitions	 do	 not	 correspond	 to	 any	 species	 we	 could	
identify	so	far.	

	

	

	

	

Table	3:	Experimental	rotational	constants	for	the	OH-π	and	OH-O	DPE-H2O	complexes.	The	water	tunnelling	motion	in	the	OH-π	complex	leads	
to	0-	 and	0+	 states,	as	 reported	before.12	The	motion	 in	 the	OH-O	complex	 is	 represented	by	 the	 states	00,	11,	22	and	33	 (see	 text	 for	more	
details).a		

	

	

	

	

	

	

	

	

	

	

	

aThe	theoretical	rotational	constants	at	the	B3LYP-D3(BJ)	level	are	given	in	the	ESI.	
bCoriolis	coupling	constant	
cDifference	in	vibrational	energy	between	the	tunnelling	levels	
dNumber	of	lines	included	in	the	fit	
	

	 	

	 OH-π	 OH-O	

		 State	0-	 State	0+	 State	00	 State	11	 State	22	 State	33	

A	(MHz)	 1359.68029(42)	 1362.4557(11)	 1062.18715(74)	 1062.18775(75)	 1062.2303(37)	 1062.2113(38)	
B	(MHz)	 409.24121(14)	 409.12297(45)	 433.3675(17)	 433.3673(16)	 433.4865(34)	 433.4865(34)	
C	(MHz)	 365.31297(13)	 365.43020(43)	 344.5387(17)	 344.5367(17)	 344.4217(33)	 344.4196(33)	
∆J	(kHz)	 0.02233(85)	 0.0235(24)	 -	 -	 0.0127(23)	 0.0126(22)	
∆JK	(kHz)	 0.2683(48)	 0.263(21)	 1.3776(87)	 1.291(32)	 1.3662(95)	 1.313(28)	
Fbc		(MHz)b	 -	 -	 9.1276(82)	 8.539(17)	

ΔE	(11)	(MHz)c		 -	 -	 7.2508(31)	

ΔE	(33-22)	(MHz)c	 -	 -	 7.4003(48)	

σ	(kHz)	 5.6	 6.6	 11.8	

Nlines	
d	 95	(y/n/y)	 78	(y/n/y)	 280	(y/y/n)	
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Figure	 7:	 Non-covalent	 interaction	 (NCI)	 analysis	 for	 DPE	 and	 its	
experimentally	observed	 complexes	with	one	water	 (OH-π	and	OH-O	
isomers),	two	water	(2w,	OH-O	structure,	compare	Figure	4),	and	three	
water	(3w)	molecules.	The	structures	of	DPE-1w	and	DPE-2w	are	made	
transparent	 to	 show	 the	 experimental	 atom	 positions	 of	 carbon	 and	
oxygen	 determined	 from	 the	 r0	 fit	 (for	 DPE-1w	 OH-π)	 and	 the	 rs	
structure	 (for	 DPE-1w	 OHO	 and	 DPE-2w).	 Blue	 and	 green	 colors	
identify	 the	 presence	 of	 hydrogen	 bonding	 (strong	 attraction,	 blue)	
and	van	der	Waals	interactions	(weak	attraction,	green).	Red	indicates	
repulsive	interactions.	

	

(b)	water	 internal	 rotation	 that	 interchanges	 the	 positions	 of	
the	protons,	which	can	result	in	the	observed	splitting	with	1:3	
intensity	ratio;	

(c)	 reorientation	of	the	OH-group	from	one	phenyl	ring	to	the	
other;	

(d)	 combination	of	motions	(a)	and	(b).	

Motion	(a),	which	is	the	dominant	one	in	the	DPE	monomer,	is	
largely	hindered	by	the	water	molecule	in	the	OH-O	DPE-(H2O)	
complex	 with	 a	 computed	 energy	 barrier	 of	 40	kJ/mol.	 The	
barriers	 for	 motions	 (b)	 and	 (c)	 are	 significantly	 lower	
(11	kJ/mol	 and	 3	kJ/mol,	 respectively)	 and	 are	 likely	 to	 be	
feasible	on	the	timescale	of	our	experiment.	Motion	(c)	has	a	
low	 barrier	 of	 3	kJ/mol,	 which	 is	 due	 to	 the	 fact	 that	 this	
interconversion	 pathway	 requires	 no	 motions	 of	 the	 phenyl	
rings,	 and	 water	 reorientation	 involves	 breaking	 of	 weak	
OH···π’	 and	 O···(H-C)”	 interactions,	 that	 are	 transformed	 to	
OH···π”	 and	O···(H-C)’	 in	 the	 course	 of	 the	 tunnelling	 process	
(indexes	 ‘	 and	 “	 denote	 first	 and	 second	 phenyl	 rings,	
respectively).	 This	 is	 associated	 with	 an	 inversion	 of	 the	 a-
component	(μa)	of	the	dipole	moment,	which	gives	rise	to	the	

observed	splitting	in	the	a-type	transitions	with	a	1:1	intensity	
ratio.	It	can	thus	be	concluded	that	a	combination	of	tunnelling	
pathways	(b)	and	(c)	cause	the	observed	pattern.	

The	 difference	 in	 the	 observed	 splitting	 patterns	 of	 the	
rotational	 transitions	 for	 the	 two	 isomers	 and	 the	 tunnelling	
pathways	 can	 be	 better	 understood	 when	 investigating	 their	
respective	 intermolecular	 interactions.	 Figure	 7	 summarizes	
the	 results	 of	 non-covalent	 interaction	 (NCI)	 calculations,	
which	 can	 help	 to	 visualize	 and	 characterize	 the	 different	
interactions	present	in	the	DPE	complexes	as	hydrogen	bonds	
(strong	attraction,	blue	color),	van	der	Waals	(weak	attraction,	
green	 color)	 and	 steric	 (strong	 repulsion,	 red	 color)	
interactions.	 The	 results	 are	 complemented	 with	 symmetry-
adapted	perturbation	theory	(SAPT)	calculations	using	the	Psi4	
package,	 which	 provide	 the	 individual	 contributions	 from	
electrostatics,	 dispersion,	 and	 induction	 to	 the	 overall	
intermolecular	interaction.		

For	 the	 OH-O	 isomer,	 the	 NCI	 analysis	 reveals	 a	 dominant	
attractive	 interaction	 between	 one	 of	 the	 water	 hydrogen	
atoms	with	the	ether	oxygen,	forming	a	strong	hydrogen	bond	
with	 an	 almost	 linear	 O-H-O	 angle.	 In	 addition,	 some	 weak	
interactions	 with	 the	 hydrogen	 atoms	 of	 the	 phenyl	 ring	 are	
revealed,	 resulting	 in	 a	 CH-O	 secondary	 interaction.	 For	 the	
OH-π	 isomer,	the	dominant	(and	compared	to	the	OH-O	form	
less	directed)	 interaction	of	 the	water	 is	with	one	of	 the	 two	
phenyl	 rings	 of	 the	 DPE,	 while	 also	 here	 a	 secondary	
interaction	 between	 the	 second	 phenyl	 ring	 and	 the	 oxygen	
atom	of	water	 is	present.	 This	 is	 also	 resembled	by	 the	SAPT	
calculations	 (Table	 4),	 which	 give	 a	 higher	 electrostatic	
contribution	 for	 the	 OH-O	 isomer	 with	 the	 strong	 hydrogen	
bond,	while	for	the	OH-π	isomer	the	dispersion	contribution	is	
larger	than	for	the	OH-O	isomer.	

We	also	performed	experiments	with	H2
18O	 instead	of	H2

16O,	
which	allow	us	to	determine	the	position	of	the	water	oxygen	
atom	 in	 the	complex.	The	results	of	an	r0	 least-squares	 fit	 for	
the	OH-π	isomer	are	displayed	on	the	left	side	of	Figure	7.	The	
length	 of	 the	 hydrogen	 bond	 is	 determined	 to	 2.4686(48)	Å,	
which	 is	 indeed	 indicating	 a	 rather	 weak	 hydrogen	 bond.	
Interestingly,	 the	 dihedral	 angles	 in	 the	 DPE	 moiety	 change	
upon	 substitution	 with	 H2O	 for	 the	 OH-O	 isomer	 from	 equal	
values	 around	 40°	 to	 12°	 and	 75°	 (Table	S14)	 for	 the	 two	
phenyl	 groups,	 respectively;	 DPE	 opens	 up	 to	 accommodate	
the	water	molecule	 on	 one	 of	 its	 phenyl	 rings.	 For	 the	OH-π	
isomer,	 the	 dihedral	 angles	 for	 DPE	 remain	 close	 to	 the	
monomer	values	(52°	and	31°,	Table	S14).		

3.2.2.1.	Higher-order	DPE-water	clusters	

We	 also	 observed	 the	 rotational	 spectra	 for	 DPE	 complexed	
with	 two	 and	 three	 water	 molecules,	 respectively	 (one	
observed	isomer	each).	The	experimental	rotational	constants	
for	DPE-(H2O)2	and	DPE-(H2O)3	are	provided	in	Tables	5	and	6.	
For	both	DPE-(H2O)2	 and	DPE-(H2O)3,	 no	 line	 splittings	due	 to	
internal	 motion	 of	 the	 water	 units	 or	 the	 DPE	 moiety	 are	
observed.	
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Table	4:	Energy	decompositions	 (in	kJ/mol)	 from	an	SAPT(0)/jun-cc-pVDZ	analysis	 for	 the	structures	optimized	at	 the	B3LYP-D3(BJ)/def2-TZVP	
level.	

	

	

	

	

	

	

	

As	described	for	the	global	minimum	structure	of	DPE-(H2O)2,	
one	 water	 molecule	 anchors	 to	 the	 ether	 oxygen	 via	 a	
hydrogen	bond	(OH-O),	thus	acting	as	a	hydrogen	bond	donor,	
while	 it	 also	 functions	 as	 a	 hydrogen	 bond	 acceptor	 for	 the	
second	water	molecule,	which	can	result	in	cooperativity.	This	
second	water	molecule	connects	to	DPE	via	OH-π	 interactions	
similar	 to	 the	 OH-π	 one-water	 complex	 and	 makes	 another	
connection	 to	DPE	 via	 a	 CH-O	 interaction	 (see	 also	 Figure	 7).	
The	 second	 low-energy	 DPE-(H2O)2	 isomer	 does	 not	 have	 an	
OH-O	 interaction,	 but	 one	 water	 molecule	 binds	 via	 OH-π	
interactions	of	both	protons	to	one	of	the	phenyl	rings,	while	
the	 second	water	molecule	 is	 interacting	 via	 a	 CH-O	bond	 to	
the	 second	 phenyl	 ring.	 This	 structure	 is	 calculated	 to	 be	
1.5	kJ/mol	higher	in	energy	than	the	global	minimum	structure	
(Table	5).		

The	two	isomers	have	quite	similar	rotational	constants.	While	
both	isomers	are	assumed	to	contribute	to	the	stimulated	

	

	

Figure	 8:	 Scheme	 for	 motions	 in	 the	 OH-O	 DPE-(H2O)	 isomer	 that	
interconnect	equivalent	minima	on	the	PES.	This	scheme	contains	a	set	
of	five	equivalent	minima	and	the	transition	states	that	lead	from	the	
central	 minimum	 to	 others.	 The	 letters	 in	 parentheses	 denote	 the	
motion	 (see	 text	 for	 details),	 numbers	 denote	 the	 transition	 state	
energies	in	kJ/mol	computed	at	the	DLPNO-CCSD(T)/def2-TZVPP//B97-
3c	level	of	theory.	The	yellow	highlighting	and	its	absence	indicate	the	
positions	of	the	unique	protons.	

Raman	and	 IR/R2PI	spectra	 reported	above	 (Figures	4	and	5),	
only	 one	 DPE-(H2O)2	 complex	 was	 observed	 using	 CP-FTMW	
spectroscopy.	 This	 difference	 might	 arise	 from	 different	
expansion	 conditions	 forming	 the	 supersonic	 jet	 in	 the	 two	
experiments.		

A	clear	assignment	of	the	experimentally	observed	structure	to	
the	 calculated	 isomers	 1	 or	 2	 (OH-O	 and	 OH-π) is	 difficult	
based	 on	 the	 rotational	 constants	 alone,	 although	 B	 and	 C	
agree	better	with	isomer	1.	This,	together	with	the	fact	that	it	
is	 the	 calculated	 global	 minimum	 structure	 and	 that	 we	
observe	 all	 a-,	 b-,	 and	 c-type	 transitions	 in	 our	 experiment,	
supports	 an	 assignment	 as	 isomer	 1	 (OH-O)	 as	 the	
experimentally	 observed	 one.	 The	 structural	 assignment	 is	
further	 confirmed	 by	 performing	 a	 measurement	 with	 a	 1:1	
mixture	of	H2

16O:H2
18O.	The	experimental	rotational	constants	

of	 the	 18O	 isotolopogues	 allow	 for	 the	 determination	 of	 the	
water-oxygen	positions	with	 respect	 to	 the	centre	of	mass	of	
the	 complex.	 The	 respective	 rs	 positions	 are	 included	 as	 red	
solid	 spheres	 in	 Figure	 7	 and	 clearly	 agree	 with	 the	 OH-O	
isomer	of	DPE-(H2O)2.	The	dihedral	angles	of	the	phenyl	groups	
of	 isomer	1	show	a	similar	“opening	up”	as	the	OH-O	DPE-1w	
isomer	(Table	S14).	

A	 third	 DPE-(H2O)2	 isomer,	 about	 1.9	kJ/mol	 higher	 in	 energy	
than	the	global	minimum,	consists	of	an	OH-O	bond	of	the	first	
water	 and	 a	 CH-O	 bond	 of	 the	 second	 water	 molecule,	
highlighting	 again	 the	 importance	 of	 CH-O	 interactions	 for	
these	 kinds	 of	 systems.	 These	 interactions	 are	 also	 visualized	
using	 NCI	 analysis	 (Figure	 S12).	 The	 calculated	 rotational	
constants	 for	 the	 third	 isomer,	 however,	 are	 clearly	 different	
from	the	experimentally	determined	ones.	

For	 the	 SAPT	 calculations	 of	 the	 higher-order	 clusters,	 the	
water	dimer	and	trimer	units	were	defined	as	one	moiety,	so	
that	only	the	interactions	between	the	water	dimer/trimer	as	a	
whole	 and	 the	 DPE	 can	 be	 reproduced	 by	 the	 SAPT	
computations.	As	summarized	in	Table	4,	the	total	 interaction	
energy	for	 isomer	1	of	DPE-(H2O)2	 is	 larger	than	for	 isomers	2	
and	3.	 Isomer	2	 is	predicted	here	 to	have	a	 lower	 interaction	
energy	than	isomer	3,	while	 it	was	predicted	to	be	somewhat	
lower	in	energy	than	isomer	3	using	DFT.	Such	differences	are	

Species	 isomer	 Eelec	 Edisp	 Eind	 Eexch	 Etot	

DPE-H2O	 OH-O	 -29.8	 -12.6	 -7.6	 30.2	 -19.9	

	 OH-π	 -25.2	 -14.8	 -5.9	 28.2	 -17.8	

DPE-(H2O)2	 OH-O/	
Isomer	1	

-54.4	 -24.9	 -15.5	 57.6	 -37.1	

	 OH-π/	
Isomer	2	

-38.7	 -19.2	 -13.2	 42.0	 -29.1	

	 OH-O/	
Isomer	3	

-48.7	 -17.6	 -15.9	 47.4	 -33.2	

DPE-(H2O)3	 Isomer	1	 -46.3	 -27.8	 -11.9	 50.7	 -35.3	

	 Isomer	2	 -43.4	 							-27.0	 	-11.3	 				47.	 	-34.3	
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likely	 to	 occur	 for	 clusters	 that	 are	 quite	 close	 in	 energy.	 As	
expected,	 isomers	1	and	3,	which	 involve	the	OH-O	hydrogen	
bond,	have	larger	electrostatic	contributions	to	the	interaction	
energy	 than	 isomer	 2.	 Isomer	 3	 has	 the	 lowest	 dispersion	
contribution	 because	 of	 the	 missing	 interaction	 with	 the	 π	
cloud.	

For	DPE-(H2O)3,	geometry	optimizations	at	the	B3LYP-D3/def2-
TZVP	 level	 of	 theory	 predict	 ten	 low	 energy	 structures	
(including	 ZPE	 correction	 and	 BSSE)	 below	 5	kJ/mol.	 In	 all	
isomers,	 the	water	 trimer	 adopts	 a	 cyclic	 structure.	 The	 first	
isomer	 with	 the	 water	 trimer	 forming	 a	 chain	 structure	 is	
about	 5	kJ/mol	 higher	 in	 energy	 than	 the	 global	 minimum	
(Figure	S11).	The	two	lowest-energy	isomers	have	very	similar	
rotational	constants	and	dipole-moment	components	(Table	6)	
and	 differ	 by	 about	 2	kJ/mol.	 It	 is	 thus	 not	 possible	 to	
unambiguously	 assign	 the	 experimentally	 observed	 structure	
to	either	one	of	these	species.	The	three	water	molecules	form	
a	 cyclic	 water	 network,	 where	 each	 water	 molecule	 is	
hydrogen	 bond	 donor	 and	 acceptor	 at	 the	 same	 time.	 This	
cyclic	 water	 network	 connects	 to	 the	 DPE	 via	 the	 known	
features,	 i.e.,	 hydrogen	 bonding	 to	 the	 ether	 oxygen	 (OH-O),	
OH-π	 interactions	to	the	phenyl	 rings	of	DPE,	as	well	as	CH-O	
interactions.	

One	 obvious	 difference	 between	 the	 two	 low-energy	
structures	 is	 the	 orientation	 of	 the	 hydrogen	 bonds	 in	 the	
cyclic	 structure	 of	 the	 water	 trimer	 (Figures	 S11	 and	 S13),	
which	 can	 either	 be	 clockwise	 or	 anti-clockwise,	 which	 is	
similar	 to	 our	 findings	 in	 the	 related	 case	 of	
diadamanthylether-(H2O)3

79,	for	example.	A	closer	look	reveals	
that	this	difference	in	the	direction	of	the	hydrogen	bonds	also	
results	 in	 a	 slight	 difference	 in	 the	 interactions	 between	 the	

water	 trimer	 moiety	 and	 the	 DPE	 for	 the	 two	 DPE-(H2O)3	
isomers.	For	both	structures,	one	water	 forms	an	OH-O	bond	
to	 DPE,	 the	 second	 water	 in	 the	 network	 makes	 an	 OH−π	
interaction	to	one	of	the	phenyl	rings,	and	the	third	water	an	
CH-O	 interaction	 to	 the	 other	 phenyl	 ring.	 Some	 small	
differences	between	the	two	isomers	are	revealed	by	the	NCI	
analysis	and	 the	SAPT	calculations:	For	example,	 for	 isomer	1	
(anti-clockwise),	 there	 seems	 to	be	a	more	pronounced	OH-π	
interaction	 of	 the	 second	 water	 molecule,	 with	 one	 of	 the	
hydrogen	 atoms	 being	 involved	 in	 both	 a	 hydrogen	 bond	 to	
the	 first	water,	and	some	OH-π	 interaction.	For	 the	clockwise	
arrangement	in	isomer	2,	this	is	not	the	case.		

The	 interaction	energies	between	the	water	unit	and	the	DPE	
monomer,	as	retrieved	from	SAPT	calculations,	are	very	similar	
for	 the	 two	 isomers.	 Overall,	 the	 total	 interaction	 energy	 for	
isomer	1	 is	about	1	kJ/mol	 larger	 than	 for	 isomer	2.	This	 is	 in	
agreement	 with	 isomer	 1	 being	 identified	 as	 the	 global	
minimum	by	the	DFT	calculations.	This	 larger	total	 interaction	
energy	 arises	 from	 somewhat	 larger	 electrostatic	 and	
dispersion	 contributions	 for	 isomer	1,	which	 indicate	 that	 for	
isomer	1	the	water	moiety	can	adjust	better	to	the	DPE	unit.	It	
should	be	noted,	however,	that	the	computed	differences	are	
clearly	within	the	uncertainty	of	the	approach.		

Finally,	 it	 is	 interesting	 to	 note	 that	 the	 lowest-energy	
structures	of	DPE-(H2O)3	utilize	the	three	different	 interaction	
types	observed	as	low-energy	structures	for	DPE-(H2O)2.	Again,	
a	CH-O	interaction	plays	a	decisive	role.	

	

	

	

Table	 5:	 Experimental	 rotational	 constants	 for	 the	 DPE-2w	 (DPE-(H2O)2)	 complex	 in	 comparison	 with	 the	 results	 from	 quantum-chemical	
calculations	 (equilibrium	 rotational	 constants	Ae,	Be,	 Ce;	 and	 components	 of	 the	dipole	moment	µi)	 for	 the	 three	 lowest	energy	 structures	 (from	
Figure	S10)	at	the	B3LYP-D3(BJ)/def2-TZVP	level	of	theory.	The	relative	energy	includes	zero-point	vibrational	energy	and	BSSE	corrections.	

	

	

	

	

	

	

	

	

Table	 6:	 Experimental	 rotational	 constants	 for	 the	DPE-(H2O)3	 (DPE-
(H2O)3)	 complex	 in	 comparison	 with	 the	 results	 from	 quantum-

chemical	 calculations	 (equilibrium	 rotational	 constants	Ae,	 Be,	 Ce;	 and	
components	 of	 the	 dipole	 moment	 µi)	 for	 the	 two	 lowest	 energy	

	 	 Theory	 	 Experiment	

Parameter	
Isomer	1	
(OH-O)	

Isomer	2	
(OH-π) 	

Isomer	3	
	 	

Ae	(MHz)	 865.3	 845.0	 681.4	 823.80379(24)	
Be	(MHz)	 390.7	 378.1	 403.6	 390.51117(13)	
Ce	(MHz)	 338.7	 302.2	 289.0	 334.18534(13)	
ΔJ	(kHz)	 -	 -	 -	 0.02964(86)	
ΔJK	(kHz)	 -	 -	 -	 0.	1766(34)	
ΔK	(kHz)	 -	 -	 -	 0.	6324(47)	
δj	(kHz)	 -	 -	 -	 0.00787(31)	
µa/µb	/µc	(D)	 1.5/-1.8/-1.3	 1.2/-1.3/0.6	 -1.3/-1.9/-0.4	 -	
µtot	(D)	 2.6	 1.9	 2.3	 	
ΔE		(kJ/mol)	 0	 1.5	 1.9	 -	
#	lines	(a/b/c)	 -	 -	 -	 292	(y/y/y)	
σ	(kHz)	 -	 -	 -	 9.9	
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structures	 (from	 Figure	 S11)	 at	 the	 B3LYP-D3(BJ)/def2-TZVP	 level	 of	
theory.	The	relative	energy	includes	zero-point	vibrational	energy	and	
BSSE	corrections	

4.	Conclusions	

A	multi-spectroscopic	 and	 theoretical	 study	 of	 the	 DPE	monomer	
and	 aggregates	 with	 up	 to	 three	 water	 molecules	 is	 presented.	
Structural	 assignments	 of	 the	 preferred	 docking	 motives	 are	
performed	 by	 combining	 CP-FTMW,	 stimulated	 Raman,	 IR/UV	
spectroscopy	and	theoretical	analyses.	

The	 DPE	 monomer	 shows	 rich	 internal	 dynamics,	 resulting	 in	 a	
characteristic	 triplet	 splitting	 in	 the	 rotational	 spectrum.	 Using	 a	
combination	of	quantum-chemical	computations	and	group	theory,	
the	corresponding	tunnelling	pathway	can	be	 identified	as	an	anti-
geared	 motion	 of	 the	 two	 phenyl	 rings	 within	 one	 valley	 of	 the	
potential	energy	surface.	The	stimulated	Raman	methods	have	not	
been	applied	to	ether	molecules	before	and	support	the	assignment	
of	the	predicted	DPE	monomer	structure.	Furthermore,	stimulated	
Raman	spectra	of	 the	mono-	and	dihydrated	clusters	are	obtained	
in	 the	 CH	 stretching	 region	 supplemented	 by	 IR/UV	 double	
resonance	 investigations	 in	 the	 OH	 stretching	 region.	 The	
comparison	of	the	experimentally	observed	vibrational	(Raman	and	
IR)	frequencies	with	calculated	frequencies	 leads	to	the	conclusion	
that	 for	 both	 the	 mono-	 and	 the	 dihydrate,	 the	 OH-O	 and	 OH-π	
arrangements	coexist.		

Broadband	rotational	spectroscopy	on	the	DPE-water	aggregates	up	
to	DPE-(H2O)3	provides	further	experimental	structure	information,	
for	example	by	using	isotopic	substitution.	Characteristic	tunnelling	
splittings	are	observed	for	both	isomers	of	the	DPE-(H2O)	complex,	
and	 tunnelling	pathways	are	extracted	based	on	group-theoretical	
considerations.	 Contrary	 to	 the	 stimulated	 Raman	 and	 IR/R2PI	
results,	only	the	OH-O	bound	structure	of	the	dihydrate	is	observed	
in	 the	 rotational	 spectrum.	 For	 the	 DPE-(H2O)3	 cluster,	 the	 water	
trimer	 adopts	 a	 cyclic	 structure,	 where	 two	 different	 hydrogen-
bond	orientations,	clockwise	and	anti-clockwise,	are	possible,	with	
the	 anti-clockwise	 arrangement	 being	 about	 2	 kJ/mol	 lower	 in	
energy.	

The	 stabilization	 due	 to	 London	 dispersion	 is	 found	 to	 be	 more	
pronounced	 in	π-bound	 structures	 than	 in	 oxygen	motifs,	 and	 the	
OH-O	 isomer	 has	 a	 higher	 electrostatic	 contribution,	 indicated	 by	
contributions	extracted	 from	both	SAPT(0)	calculations	and	an	NCI	
analysis.		

The	 combination	 of	 different	 spectroscopic	 and	 theory	 methods	
give	a	deeper	 insight	 in	 the	structure	and	dynamics	of	DPE	and	 its	
cluster	 with	 up	 to	 three	 water	 molecules.	 The	 small	 energetic	
balance	 between	 different	 types	 of	 isomers	 can	 be	 elucidated	 by	
our	 methods	 and	 emphasize	 the	 importance	 of	 dispersion	
interactions.	
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