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Th e review focusses on th e fun dam en tal im portan ce of n on -covalen t in teract ion s in n atu re
by illu st rat in g specific exam ples from ch em ist ry, ph ysics an d th e bioscien ces. Laser spect ro-
scop ic m eth ods an d both ab initio an d m olecu lar m odellin g procedu res used for th e study of
n on -covalen t in teract ion s in m olecu lar clu sters are briefly ou t lin ed . Th e role of st ru ctu re
an d geom etry, stabilizat ion en ergy, poten t ial an d free en ergy su rfaces for m olecu lar clu sters
is exten sively d iscussed in th e ligh t of th e m ost advan ced ab initio com pu tat ion al resu lts for
t h e CCSD(T) m et h o d , ex t rap o lat ed t o t h e CBS lim it . Th e m o st im p o rt an t t yp es o f
n on -covalen t com plexes are classified an d several sm all an d m edium size n on -covalen t sys-
tem s, in clud in g H-bon ded an d im proper H-bon ded com plexes, n ucleic acid base pairs, an d
pep t ides an d protein s are d iscussed with som e detail. Fin ally, we evaluate th e in terp retat ion
of experim en tal resu lts in com parison with state of th e art th eoret ical m odels: th is is illu s-
t rated for ph en ol...Ar, th e ben zen e d im er an d n ucleic acid base pairs. A review with 270 ref-
eren ces.
Keywords: Non -covalen t (van der W aals) in teract ion s; Molecu lar clu sters; ZEKE spect ros-
copy, Hole-bu rn in g; REMPI, Molecu lar m odellin g.
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1. INTRODUCTION

1.1. A Historical Rem ark

It was n on e oth er th an van der Waals1, in th e 1870’s, wh o realized th at th e
d iscrepan cies observed between th e state fun ct ion of a real gas an d th e
ideal gas law1 cou ld be accoun ted for by th e at t ract in g forces between m ole-
cu les or rare gas atom s. Van der Waals in troduced an equat ion of state su it -
ab le fo r d escrib in g th e beh aviou r o f real (in con t rast to id eal) gases.
Alth ough th is law does n ot provide th e m ost accurate fun ct ion al descrip -
t ion for a real gas, it n everth eless con st itu ted a m ajor breakth rough . Van
der Waals m ade it exp licit ly obvious, for in stan ce with respect to con den sa-
t ion of all real gases, th at sign ifican t at t ract in g forces exist between gas
m olecu les (or atom s, in th e case of m on oatom ic gases), wh ich exh ibit a ten -
den cy to form a n ew type of bon d . Th e form ation of th ese special van der
Waals bon ds, com pared to ch em ical bon ds, is n ot en erget ically dem an din g
at all; th ese bon ds are, un der gen eral laboratory con dit ion s, easily form ed
an d just as easily sp lit .

Man y years later, in 1930, Lon don 2 (an d soon afterwards Hellm an n 3)
m ad e a fu n d am en tal st ep in d escrib in g an d in t erp ret in g th ese bon d s.
Works of th ese an d oth er p ion eers are m en t ion ed or ou t lin ed in th e classic
book on in term olecu lar in teract ion s by Hirsch felder, Curt iss, an d Bird 4, an d
a su rvey of m on ograph s an d reviews up to th e m id-eigh t ies is p resen ted in
a book on in term olecu lar com plexes5. Selected sum m arizin g works sin ce
abou t 1985 are presen ted in ref.6

Before at tem ptin g to defin e n on -covalen t ly (van der Waals) boun d spe-
cies, it seem s expedien t to con sider th e broad spectrum of species, ran gin g
from elem en tary part icles to th e gian t system s, wh ich p lay a role in m olec-
u lar scien ces. It is, in deed , a very lon g path from (super)st rin gs, electron s
an d q u arks, via p ro ton s, n eu t ron s an d atom s, to m olecu les, m acro-
m olecu les an d to supram olecu lar st ructu res an d , fin ally, via th e large com -
pon en ts of livin g m at ter to real livin g m at ter itself. Th e subject of th is
review con cern s a sign ifican t port ion of th is set an d it wou ld be un fortu -
n ate to belit t le an y of th ese part icles or system s by n ot givin g th em due at-
t en t ion . Let u s con sid er th e case o f n eu t ron s excep t fo r th eir ro le in
isotopes: n eu tron s were con sidered som ewh at borin g by m an y ch em ists
an d biologists. Bu t to be able to describe th eoret ically som eth in g as fasci-
n at in g an d im portan t as th e d iscrim in at ive ability of weak forces in teract-
in g with op t ical an t ipodes we n eed n eu tron s, because with ou t in clud in g
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th em in th e respect ive Ham ilton ian , we can n ot succeed in givin g a reason -
able descrip t ion of such system s.

In Fig. 1, th e above-m en t ion ed part icles an d species are associated with
con tem porary tools of th eoret ical ph ysics, wh ich m ay serve for th eir th eo-
ret ical d escrip t ion . Ou r top ic start s with th e Sch röd in ger eq u at ion ; in -
creased in terest in solvin g th e t im e-depen den t Sch röd in ger equ at ion in
con n ect ion with som e top ics, e.g., p h o toch em ist ry an d p h o top h ysics
an d / or u lt ra-fast p rocesses, is an t icip ated . In th e m ajority of cases th e
Sch röd in ger equat ion h as been solved with in th e fram ework of wh at is
called p ion eer quan tum m ech an ics, wh ich , wh ile n ot th e best , is a fun da-
m en tal th eory7. From th e ph ilosoph ical poin t of view, n o doubt , th is th eo-
ry is su itable in con n ect ion with m olecu les an d related system s bu t , as a
fun dam en tal th eory it is n ot accep table for th e descrip t ion of h igh er h ierar-
ch ical levels; as Prim as says, such a th eory is n ot appropriate for describin g
bein gs su ch as dogs7. Figu re 1 briefly su ggests a way to overcom e severe,
in h eren t weakn esses of p ion eerin g works in quan tum m ech an ics, wh ich
m igh t be usefu l in th e con text of th e descrip t ion of in term olecu lar an d
n on -covalen t in teract ion s.

Collect . Czech. Chem. Commun. 2006, Vol. 71, No. 4, pp. 443–531

446 Hobza, Zahradník, Müller-Dethlefs:

FIG. 1
Elem en tary part icles (st rin gs, A; quarks, B; electron , C; atom ic n uclei, D; atom s, E; m olecu les,
F; supram olecu les, G an d solid ph ase, H) togeth er with appropriate tools for th eoret ical de-
scrip t ion . Th e Sch rödin ger equat ion assum es a cen tral role; its lim itat ion in th e fram ework of
q u an tu m m ech an ics o f p ion eers an d p ossib le ways o f overcom in g th em are p resen ted .
QM/MM m ean s quan tum m ech an ical descrip t ion of react in g system un der study an d m olecu-
lar m ech an ical descrip t ion of its n eigh borh ood .



1.2. A Rem ark on Nom enclature of Molecular Com plexes

Wh y are m olecu lar com plexes, or m olecu lar clusters, as th ey are m ost often
called , of such in terest? Th e m ain featu re of m olecu lar clusters is th at th ey
can be prepared experim en tally in superson ic jet expan sion s an d m olecu lar
beam s as isolated system s exh ibit in g in term olecu lar bon ds th at origin ate
from n on -covalen t in teract ion s. From th e th eoret ical poin t of view m olecu-
lar clusters can also be stud ied usin g stan dard ab initio quan tum ch em ical
m eth ods, t reat in g th e cluster as ‘superm olecu le’ com posed of several m oi-
et ies h eld togeth er by n on -covalen t bon ds.

An issue in th e literatu re th at som etim es is un clear relates to th e defin i-
t ion of th e n on -covalen t ly boun d com plexes. A sign ifican t featu re of such
com plexes is th at th e subsystem s, of wh ich th ey are con st itu ted , are boun d
due to electric m ult ipole–electric m ult ipole in teract ion s5. We con sider per-
m an en t , in duct ive, an d t im e-depen den t m ult ipoles. Wh ile it is possible to
ascribe th e stability of a com plex to a bon d , wh ich is n on -covalen t in n a-
tu re, it is n ot always easy to localize such a bon d in space. Wh en possible it
is h igh ly desirable to use an oth er sym bol for th is bon d th an th at wh ich
represen ts a covalen t bon d , i.e. a sh ort fu ll lin e –; h en ce, th ree dots ... m ay
serve as a represen tat ion of a n on -covalen t bon d . Th e h ydrogen m olecu le
an d th e h elium (van der Waals) m olecu le are adequate represen tat ives: H–H
an d He...He, or altern at ively H2 an d (He)2.

Th e secon d type of bon d illu st rated above st ill does n ot h ave a defin ite
n am e. No doubt , it is possible to call it a n on -covalen t bon d . Alth ough it is
really n on -covalen t , th is n on -specific n am e is n ot really an adequate de-
scrip t ion of its t rue n atu re. An oth er label, wh ich is som etim es used , is de-
rived from th e term weak in teract ion s an d th erefore th e n am e ‘weak bon ds’
is used . Th is is an un fortun ate n am e, because it is derived from a design a-
t ion , wh ich h as been used for a lon g t im e in ph ysics for som eth in g com -
p letely d ifferen t . W e h ave favou red for years th e d esign at ion ‘van d er
Waals’ (vdW in abbreviated form ), e.g., vdW in teract ion s, forces, bon ds. It
is un fortun ately true th at th is design at ion h as been corrup ted – som etim es
by poorly defin ed use – for a com pon en t of th e em pirical force field . In th e
case of em pirical poten t ials th e vdW term m ean s a sum of Lon don disper-
sion an d exch an ge-repu lsion term s. In our previous review6a we decided to
use th e term ‘n on -covalen t’ to classify in teract ion s th at are n ot covalen t .
We are aware th at th is defin it ion is again n ot st raigh tforward an d un am big-
uous sin ce, for exam ple, m etallic in teract ion s are also covered bu t we be-
lieve th at th e term n on -covalen t p roperly describes th e origin an d n atu re of
th ese in teract ion s.
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1.3. Purpose and Scope; Theory and Experim ent

A purpose of th is review is to presen t wh y n on -covalen t in teract ion s are of
fun dam en tal im portan ce for ch em istry an d wh y th eir un derstan d in g is a
conditio sine qua non for m olecu lar biod iscip lin es. Moreover, an at tem pt will
be m ade to describe correct p rocedures for t reat in g th ese in teract ion s th eo-
ret ically. Th ose wh o deal with th is subject daily do n ot n eed such a recom -
m en dat ion . However, it is n owadays in creasin gly com m on for ch em ists to
do th e n ecessary calcu lat ion s th em selves. In con trast to th e realm wh ere
on ly ch em ical (i.e. covalen t ) bon d s p lay a ro le, in th e area o f n on -
covalen t ly boun d com plexes it is, in gen eral, n ot t rivial to assert h ow to
proceed an d wh ich m eth od an d wh at level of th eory guaran tees obtain in g
reliable resu lts. Th e situat ion is even m ore in volved because problem s of
pract ical value in ch em istry an d st ill m ore in biology are – with respect to
com puter size – rath er exten sive. A ch oice of an appropriate m eth od is es-
pecially ch allen gin g in th ese in stan ces. Here, we will describe th e m ain
com putat ion al p rocedures to obtain stat ic ch aracterist ics of n on -covalen t
species; th ose ch aracterist ics are essen t ial for th e un derstan d in g of th eir dy-
n am ics.

1.4. Covalent versus Non-Covalent Bonds

Th e con cep t of covalen t bon din g belon gs to th e m ost successfu l con cep ts
in m odern scien ce an d is, at a certain level, a m ore or less closed ch ap ter.
After abou t eigh ty years of in ten se study, th e processes of form at ion an d
breakin g of covalen t bon ds are well un derstood an d reliable descrip t ion s of
th ese processes can be perform ed at various th eoret ical levels. Calcu lated
ch aracterist ic m olecu lar p ropert ies obtain ed agree well with th e relevan t ex-
p erim en t s an d th ere are n o fu n d am en tal d isagreem en t s between th e
state-of-th e art th eory an d experim en t . In con trast , th e un derstan d in g of
th e n atu re of n on -covalen t in teract ion s is far less clear an d th e respect ive
calcu lat ion s yield resu lts th at are frequen t ly in con flict with experim en tal
data. Basic prin ciples of n on -covalen t in teraction s, for in stan ce th e h ydrogen -
bon d (H-bon d), by Pau lin g8, were form ulated in th e 1930’s. However, de-
sp it e en orm ou s p rogress m ad e in th eo ry as well as in exp erim en tal
tech n iques in th e last decades, we are st ill far from obtain in g un am biguous
an d quan t itat ively sat isfactory in form ation abou t n on -covalen t com plexes.
Experim en ts do n ot allways yield com plete in form ation abou t a com plex,
th ough progress is bein g m ade by com bin in g various tech n iques reducin g
am bigu ity. Th eory, on th e oth er h an d , is p rin cipally capable of provid in g
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fu ll in form at ion abou t a n on -covalen t com plex. For exam ple, we can gen er-
ate basic in form ation such as structu re an d stabilizat ion en ergy an d from
th e kn owledge of th e wave fun ct ion we can obtain an y oth er desired prop-
erty.

Com parison of th eoret ical an d experim en tal resu lts is of vital im portan ce
for th eory as well as for experim en ts because it allows for th e test in g of th e
ability an d accuracy of n ewly developed procedures an d tech n iques. Th e
com bin at ion of experim en t an d th eory also gives a deeper in sigh t in to th e
problem stud ied an d so leads to a deeper un derstan d in g.

1.5. Experim ental Observables

Th e first quest ion is wh ich propert ies of n on -covalen t com plexes are ob-
servable un am biguously? Th e su rprisin g an swer is n ot m an y of th em ! Th e
structu re is n ot d irect ly observable an d can on ly be determ in ed by m easur-
in g th e rotat ion al con stan ts th us provid in g th e th ree prin cipal m om en ts of
in ert ia. Rotat ion al con stan ts, h owever, do n ot provide an un am biguous an -
swer con cern in g structu re an d geom etry (see Sect ion 2.1.). A sim ilar situa-
t ion exists for th e determ in at ion of stabilizat ion en ergies: of th e various
experim en tal tech n iques available on ly zero-electron kin et ic en ergy (ZEKE)
spectroscopy9,10 provides d irect ly m easurable in form ation on stabilizat ion
en ergies11 (see Sect ion 2.3.). In addit ion , d irect ly observable ch aracterist ics
of a n on -covalen t com plex are vibrat ion al frequen cies, n ot all of wh ich
m ay be observable due to Fran ck–Con don factors or sym m etry select ion
ru les.

In th is paper we ven tu re in to a com parison of th eory an d experim en t . Be-
fore we go in to an y fu rth er detail of th e th eoret ical an d com putat ion al p ro-
cedu res, we wou ld like to briefly su m m arize wh at can be learn ed from
experim en ts with regard to un derstan d in g th e in term olecu lar in teract ion s
th at lead to n on -covalen t bin d in g.

Th e first in form at ion th at can be obtain ed are vibrat ion al frequen cies.
Th ere are essen t ially two m eth ods for vibrat ion al spectroscopy, based on in -
frared absorp t ion or th e Ram an effect . Th ough som e efforts h ave been pu t
towards th e developm en t of st im u lated Ram an popu lat ion t ran sfer as a
m eth od of vibrat ion ally resolved spectroscopy12, th is m eth od h as n ot been
u t ilized by m an y oth er groups. Most stud ies of vibrat ion al spectroscopy for
th e determ in at ion of vibrat ion al en ergy levels rely on ion izat ion detec-
t ion 13. For m olecu lar clusters m ass select ion is essen t ial an d th e detect ion
m eth ods are often based on m ost sen sit ive ion izat ion tech n iques. Th e de-
term in at ion of vibrat ion al frequen cies is often straigh tforward an d provides
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in form at ion on th e st ren gth of n on -covalen t in teract ion s in a com p lex14.
In gen eral, d irect absorp t ion m eth ods are un su itable for m olecu lar beam
stud ies (excep t for recen t ly developed IR cavity rin g-down spectroscopy in
slit n ozzles15).

Secon d , very im portan t in form at ion com es from th e experim en tal deter-
m in at ion of rotat ion al con stan ts. Th ese are obtain ed from h igh -resolu t ion
spectroscopy with rotat ion al level resolu t ion : m icrowave spectroscopy as
th e m eth od of h igh est resolvin g power16–18, vibrat ion -rotat ion -tun n ellin g
spectroscopy19, rotat ion al electron ic spectroscopy20–23 an d decon volu t ion
of on ly part ially resolved rotat ion al st ructu re24–26.

Most su it ab le are m eth od s based on m ass sp ect rom et ry, p art icu larly
t im e-of-fligh t m eth ods, wh ich allow a m ass sign atu re to be obtain ed an d
th us allow for iden t ificat ion of certain m olecu lar clusters an d , in addit ion ,
p rovide sin gle m olecu le detect ion efficien cy. For vibrat ion al spectroscopy a
m ost successfu l m eth od , th e detect ion of in frared absorp t ion by popu lat ion
dep let ion , is in frared-UV h ole burn in g with ion izat ion detect ion , first u t i-
lized by Bru tsch y an d co-workers27.

Exten sive IR-UV h ole-burn in g stud ies were carried ou t by th e groups of
Zwier28, Mikam i13b,29 an d Klein erm an n s30, wh ich m ost recen t ly h ave even
been app lied to m olecu les of biological in terest in th e gas ph ase. Th e prin -
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FIG. 2
Prin cip le of IR-UV h ole burn in g. An in frared laser is used to sh ift th e population of th e m olecu le
of in terest from its vibrat ion al groun d state in to a vibrat ion ally excited state. Th e m olecu le is
also ion ized from its vibrat ion al groun d state by a UV laser in a two-ph oton ion izat ion pro-
cess. Due to th e dep let ion of th e groun d state by in frared absorp t ion , a dep let ion in th e ion
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cip le of IR-UV h ole burn in g is sh own in Fig. 2. An in frared laser is used to
sh ift th e popu lat ion of th e m olecu le of in terest from its vibrat ion al groun d
state in to a vibrat ion ally excited state. Th e m olecu le is also ion ized from its
vibrat ion al groun d state by th e UV laser in a two-ph oton ion izat ion pro-
cess. Due to th e dep let ion of th e vibrat ion al groun d state by th e in frared
absorp t ion , a dep let ion in th e ion sign al is observed in th e experim en t , i.e.
an in frared absorp t ion is ch aracterized by an ion dip . Th is type experim en t
h as been very successfu l, an d with th e adven t of n ew optical param etric IR
laser sources th e OH an d NH 31 vibrat ion region of various species h as been
exten sively probed .

Most recen tly th e availability of in frared lasers in th e region above 3.5 m icro-
m eters, based on differen ce frequen cy m ixin g an d param etric am plificat ion
in n on -lin ear silver selen ide crystals h as exten ded th e IR tun in g ran ge sub-
stan t ially towards probin g lower vibrat ion al frequen cies, part icu larly in th e
CO region 32. For th e in frared region above 6 µm th e big ch allen ge com es
from producin g in frared laser sources th at are su itable for laboratory use
an d wh ich em it pu lses of h igh en ough en ergies (a few m J’s) to be capable of
in d u cin g a p op u lat ion d ep let ion th at can easily be d etect ed by
p h o to ion izat ion . Th is ch allen ge h as very recen t ly been reso lved by
Gerh ards wh o h as been able to exten d th e IR laser tun in g ran ge from 2 to
16 µm , usin g th ree d ifferen t crystals, wh ile producin g pu lse en ergies in th e
m J ran ge32c,33. Th e IR free electron laser34, in part icu lar FELIX 35 at th e FOM
In st itu te Ru jn h u isen provides a very h igh -powered (albeit n ot of very h igh
resolu t ion ) laser source with IR frequen cies down to abou t 100 cm –1. Sev-
eral groups h ave n ow in vest igated m olecu les of biological in terest in th e
gas ph ase usin g th e in frared dep let ion tech n ique24,36; for exam ple, de Vries
et al. h ave in vest igated th e guan in e...cytosin e cluster usin g IR dep let ion ,
gen erat in g a wealth of n ew vibrat ion al in form at ion com pared with previ-
ously recorded electron ic excitat ion spectra37,38.

It sh ou ld be n oted th at th e vibrat ion frequen cy region below 1000 cm –1 is
of part icu lar in terest . It is obvious from observed spectra th at an assign -
m en t can on ly be m ade with th e h elp of quan tum ch em ical ab initio calcu -
lat ion s. In th is spectral region , wh ere th e vibrat ion s are m uch softer th an in
th e h igh -frequen cy region , it is absolu tely im perat ive to perform an h ar-
m on ic frequen cy calcu lat ion s in order to in terp ret spectra. With som e of
th ese n ewly d evelop ed too ls, fo r in st an ce, Gerber’s an h arm on ic self-
con sisten t field m eth od 39, it is n ow possible to fu lly assign th e curren t ly
available spectra of com plex system s such as guan in e...cytosin e40.

Tim e-reso lved p icosecon d p u m p -p robe41–43 an d h o le bu rn in g exp eri-
m en ts are also a very usefu l tool for th e study of th e dyn am ics in m olecu lar
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clusters. Th is spectroscop ic m eth od h as been carried ou t for in vest igat in g
th e in tracluster vibrat ion al en ergy red ist ribu t ion (IVR) an d subsequen t d is-
sociat ion of m olecu lar clusters. It p rovides th e dyn am ic in form ation of en -
ergy tran sfer from on e m oiety to a n on -covalen t bon d , often in a two-stage
process, an d reveals th at th e in tram olecu lar vibrat ion al en ergy red ist ribu -
t ion takes p lace with in th e ch rom oph ore site, creat in g a h ot m oiety (or
com p ou n d ), t h en th e en ergy flows from th e h o t m oiety to th e
in term olecu lar vibrat ion al m odes of th e cluster. Fin ally, th e m olecu lar clus-
t er d issociat es. Very recen t ly, we h ave u sed a p icosecon d p u m p -p robe
m eth od to in vest igate th e dyn am ics of com pet it ion between H-bon din g
an d π-st ackin g44 in th e p h en o l...Ar2 cat ion rad ical45 . Th is can also be
viewed as com pet it ion between H-bon d in g (h ydroph ilic) an d π-stackin g
(h ydroph obic) bin d in g sites, wh ich is an exam ple of a ch em ical recogn it ion
process at th e m olecu lar level. Referen ce45 describes th e first d irect observa-
t ion of a h ydroph obic → h ydroph ilic site-switch in g in duced by reson an t
ion izat ion in th e ph en ol...Ar2 t rim er cat ion rad ical. Wh en th e cat ion rad i-
cal is p repared by ph otoion izat ion , it is p roduced in th e π-boun d geom etry
of th e n eu tral p recu rsor, with Ar bin d in g to th e h ydroph obic rin g site. On
th e t im e scale of a few picosecon ds, on e of th e Ar atom s switch es from th e
h ydroph obic rin g site to th e h ydroph ilic OH site th us creat in g a h ydrogen
bon d . Th e dyn am ics of th is isom erizat ion process is m on itored in real t im e
by a ch an ge in th e OH stretch in g vibrat ion al waven u m ber u sin g t im e-
reso lved p icosecon d UV-IR p u m p -p robe ion izat ion d ep let ion sp ect ro-
scopy45.

1.6. Covalent and Non-Covalent Interactions in Nature

Broadly, ch em istry m ean s covalen t bon din g. Th e covalen t descrip t ion is
fu lly adequate wh en a m olecu le is con sidered in free space, i.e. isolated
from an y surroun din gs. Experim en tal con dit ion s in m olecu lar beam s m ade
from a superson ic jet expan sion are close to th ese con dit ion s. However,
on ce th e m olecu le is su rroun ded by oth er m olecu les, such as in solu t ion or
in th e bu lk, th ese su rroun din gs affect th e covalen t bon din g an d th e elec-
t ron ic system of th e m olecu le is pertu rbed . Th is pertu rbat ion depen ds on
th e stren gth an d exten t of n on -covalen t in teract ion s with th e m ost p ro-
n oun ced ch an ges occu rrin g in ion ic an d H-bon ded system s. For certain
cases th e H-bon din g in teract ion s, for in stan ce between an an ion an d a n eu-
t ral syst em , an d covalen t in t eract ion s can be of com p arab le st ren gth .
Most ly, h owever, n on -covalen t in teract ion s are con siderably weaker (by
on e to th ree orders of m agn itude) th an covalen t bon ds. Desp ite, or p roba-
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bly because of th is, n on -covalen t bon ds p lay a subt le bu t decisive key role
in n atu re.

First , th e very existen ce of a liqu id ph ase, an d also all related effects like
solvat ion ph en om en a, can be at t ribu ted to n on -covalen t in teract ion s. Th e
existen ce of a con den sed p h ase p robably rep resen ts th e m ost im p ortan t
exam ple of n on -covalen t in teract ion s an d it m ust be stated th at th eory st ill
h as serious problem s in describin g adequately th e role of solven ts in gen -
eral an d , m ore specifically, th e role of liqu id water. Wh ereas covalen t sys-
tem s can n ow be in vest igated with ch em ical accu racy (~1 kcal/m ol), th e
error in evaluat ion of h ydrat ion en ergies is m uch larger an d , even worse, re-
su lts from various th eoret ical m eth ods d iffer sign ifican t ly. Developm en t of
n ew procedures allowin g determ in at ion of h ydrat ion en ergy is an im por-
tan t task for today’s th eoret ical ch em ists.

Secon d , n on -covalen t in teract ion s are respon sible for th e st ru ctu re of
biom acrom olecu les such as DNA, RNA, an d protein s. It m ust be recalled
th at th e double-h elical st ructu re of DNA, wh ich is of key im portan ce for
t ran sfer of gen et ic in form ation , is m ain ly due to n on -covalen t in teract ion s
in wh ich th e in teract ion s of n ucleic acid bases p lay a dom in an t role. Th ese
bases are p o lar, arom at ic h eterocycles wh ich in teract eith er via p lan ar
H-bon ds or vert ical π–π in teract ion s, resu lt in g in two structu ral m otifs, p la-
n ar H-bon din g an d π-stackin g; both are im portan t n ot on ly in determ in in g
th e arch itectu re of n ucleic acids bu t in a m uch m ore gen eral sen se. Th e ba-
sic quest ion is: wh at is th e relat ive stren gth of th ese in teract ion s? It was
lon g believed th at specific H-bon din g origin at in g from electrostat ic effects
was th e dom in an t term , wh ile th e n on -specific stackin g origin at in g due to
Lon don dispersion effects was con sidered to be en erget ically m uch less sig-
n ifican t . On ly th e m ost recen t calcu lat ion s (see Sect ion 2.3.2.) h ave re-
vealed th at stackin g can be associated with su rprisin gly large stabilizat ion
en ergies com parable with th ose of st ron g H-bon din g46.

Th ird , n on -covalen t in teract ion s p lay a key role in m olecu lar recogn it ion
processes. Th is m olecu lar recogn it ion is m ost im portan t in life processes,
wh ere it en sures an extrem ely h igh fidelity in th e form ation of, for in stan ce,
th e requ ired protein com plexes.

Fin ally, th e effect of purely d ispersion -driven n on -covalen t in teract ion s
can be seen in th e fan tast ic ability of th e geckos to clim b rap id ly up sm ooth
vert ical su rfaces, even flat glass. Very recen t ly, it was foun d th at even a
m acroscop ic, qu ite large an im al such as a gecko can fu lly support its sub-
stan t ial body weigh t from th e n on -covalen t in teract ion s between th e few
h un dred th ousan ds of kerat in ous h airs, or setae, on th eir feet an d th e su r-
face. Th e adh esive force values observed support th e h ypoth esis th at in d i-
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vidual setae operate via n on -covalen t in teract ion s, or as th e au th ors pu t it ,
van der Waals forces47.

1.6.1. Qu an tu m Ch em ical Meth ods for Non -Covalen t Com plexes

Non -covalen t in teract ion s can be stud ied in a m an n er sim ilar to covalen t
in teract ion s, th at is, by stan dard m eth ods of quan tum ch em istry based ei-
th er on pertu rbat ion or variat ion th eory. Wh ile th e form er approach sepa-
rates th e overall stabilizat ion en ergy in to various ph ysically well-defin ed
con tribu t ion s su ch as elect rostat ic, in du ct ion , d ispersion an d exch an ge-
repu lsion en ergies, th e lat ter separates th e stabilizat ion en ergy on ly in to
Hart ree–Fock (HF) an d post -HF (correlat ion ) con tribu t ion s. Fu rth erm ore,
n eith er th e Hartree–Fock n or correlat ion en ergy is observable, n or are th e
separate en ergy con tribu t ion s (h owever ph ysically m ean in gfu l th ey m ay
be) defin ed in th e pertu rbat ion th eory expan sion . Th e advan tage of a ph ys-
ically m ean in gfu l pertu rbat ion expan sion is com pen sated (or overcom pen -
sated ) for by th e d ifficu lt ies of pertu rbat ion calcu lat ion s. An im portan t
advan tage of th is approach (over variat ion al) rem ain s, n am ely th e pertu rba-
t ion treatm en t is free of th e m ost serious problem of th e variat ion calcu la-
t ion – th e basis set in con sisten cy. Th is in con sisten cy is associated with th e
fact th at in th e variat ion calcu lat ion th e supersystem is described in th e
sum over basis sets of all subsystem s lead in g to a m ore com plete descrip -
t ion com pared with th e isolated subsystem s (bein g described on ly by th eir
own in dividual basis sets) an d th us to an art ificially lowered en ergy (th e
so-called basis set superposit ion error, BSSE)48. Th is effect , wh ich is purely
m ath em atical in origin , h as n o ph ysical m ean in g an d can be elim in ated ei-
th er by describin g th e subsystem s in th e basis set of th e wh ole supersystem ,
or by usin g in fin ite AO basis sets. Th e secon d approach , wh ich seem ed
qu ite un realist ic un t il recen t ly, is n ow available th rough an extrapolat ion
procedure to th e com plete basis set lim it (see Sect ion 2.2.5.), for wh ich , by
defin it ion , th e BSSE disappears. An y variat ion al t reatm en t , wh ich suppos-
ed ly elim in ates th is basis set in con sisten cy, sh ou ld be tested on th e basis of
obtain in g th e stabilizat ion en ergy by pertu rbat ion th eory, wh ich is, by defi-
n it ion , free of th is p roblem .

So wh at is th e ph ysical m ean in g of en ergy com pon en ts of th e stabiliza-
t ion en ergy? We believe th at th ese sh ou ld n ot be overest im ated . In th e m a-
jority of cases we are in terested on ly in th e total stabilizat ion en ergy, wh ich
is with ou t doubt m ore accurately an d easily provided by th e variat ion cal-
cu lat ion . Problem s associated with basis set in con sisten cy h ave n ow be-
com e less serious, wh ich is due to: (i) h ardware an d software developm en t
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allowin g th e use of m uch larger AO basis sets wh ich , by defin it ion , is con -
sist en t with lower BSSE; (ii) d evelop m en t o f p roced u res wh ich allow
gradien t optim ization th at takes th e basis set in con sisten cy effect in to accoun t
a priori, in each grad ien t cycle; an d (iii) developm en t of extrapolat ion tech -
n iques allowin g for th e est im at ion of th e com plete basis set (CBS) lim it
wh ich sh ou ld , by defin it ion , be free of BSSE.

1.6.2. Aim s of Th is Review

Th is review aim s to un derstan d th e m ain aspects of n on -covalen t ch em istry
an d specifically com pares experim en tal an d th eoret ical data available for
n on -covalen t com p lexes an d su bseq u en t p roblem s associated with th is
com parison . We stress th at th e review reflects th e person al views of all
th ree au th ors: we are con siderin g both exp erim en tal (K. M.-D.) an d th eo-
ret ical (P. H. an d R. Z.) aspects of n on -covalen t ch em istry an d we believe
our views m igh t be of h elp to research ers en gaged in both th eoret ical an d
experim en tal areas of th is subject area.

2. CHARACTERISTICS OF NON-COVALENT COMPLEXES AND THEIR

DETERMINATION BY EXPERIMENTAL AND THEORETICAL TECHNIQUES

2.1. Structure and Geom etry

Th e prim ary property of an y n on -covalen t com plex is n ot just its ‘equ ilib-
rium structu re’, bu t its poten t ial en ergy su rface (PES) with its stat ion ary
poin ts. Determ in at ion of st ructu re an d geom etry of a com plex can n ot be
sep arated from d iscu ssin g it s PES. To illu st rate th is p o in t con sid er th e
in tram olecu lar h ydrogen atom dyn am ics of acetylaceton e, for wh ich a h y-
drogen sh ift in g keto-en ol tau tom erizat ion an d an in tercon version of th e
en ol in two in d ist in gu ish able en olon e structu res was proposed 49. Recen t
u lt rafast electron diffract ion experim en ts on acetylaceton e by Zewail an d
co-workers50 h ave sh own th at of th e two tau tom eric form s in dyn am ic
equ ilibrium th e C s-en olic st ructu re is th e dom in an t on e. Th is was at t rib-
u ted to som e π-delocalizat ion , lead in g to a type of in tram olecu lar in terac-
t ion called ‘reson an ce assisted h ydrogen bon d’. Th e n et resu lt is th at th e
h ydrogen prefers to be close to on e of th e oxygen s (th e en olon e C s st ruc-
tu re) an d n ot in between th e two oxygen s (C2v). Th ey also observed th e
in tercon version of th e en ol between th e two equ ivalen t en olon e m in im a
on th e PES. Th e observat ion of a C s st ructu re seem s to con trad ict resu lts
from m icrowave spectra of acetylaceton e th at are com pat ible with a C2v
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st ructu re51. However, th is ‘con trad ict ion ’ is on ly a rh etorical on e; it can be
easily un derstood th at th e m icrowave experim en t will sh ow an averaged
C2v st ru ctu re p rovid ed th e in t ercon version barrier between th e two
en o lon es is su fficien t ly low. Th e m icrowave exp erim en t averages th e
tun n ellin g m otion of th e h ydrogen atom between th e two en olon es in a sim i-
lar way as don or–acceptor tun n ellin g in th e am m on ia dim er (see Section 2.2.1.).
Sim ilar resu lt s an d co n clu sio n s were o b t a in ed fo r co m p arab le syst em s
exh ibit in g in tram olecu lar h ydrogen bon ds such as m alon dialdeh yde52,53.

For th e n on -sp ecialist read er wh o m igh t th in k exp erim en tal sp ect ro-
scop ic data can always be in terp reted un am biguously it m ust be stated th at
st ructu ral in form at ion resu lt in g from rotat ion al con stan ts is n ot un am bigu-
ous sin ce on e set of rotat ion al con stan ts can be assign ed to various struc-
tu res54 . Hen ce, som e ad d it ion al in fo rm at ion , som et im es referred to as
ch em ical in tu it ion , or an oth er tech n ique (m ost ly th eoret ical calcu lat ion s)
sh ou ld be com bin ed with th e eviden ce from rotat ion al con stan ts to gen er-
ate reliable st ru ctu ral in form at ion . Rotat ion al con stan ts for larger com -
p lexes can be obtain ed by usin g various experim en tal tech n iques: MW,
THZ, IR. On e such is th e determ in at ion of rotat ion al con stan ts in electron ic
excitat ion spectra, for in stan ce in REMPI spectra20–22,24,25,55 an d also, for th e
cat ion com plex, from ZEKE spectra56, or from IR pred issociat ion direct ab-
sorp t ion in th e cat ion m on itored by pred issociat ion 57.

We will focus m ain ly on larger n on -covalen t com plexes h avin g m ore
th an 24 atom s (th e ben zen e dim er, with 24 atom s, is con sidered h ere as an
arbit rary boun dary between sm all an d m edium , an d exten ded com plexes).
Direct experim en tal determ in at ion of st ructu re an d geom etry of exten ded
n on -covalen t com plexes is im pract ical: th ey can presen t ly be obtain ed on ly
in d irect ly from rotat ion al con stan ts.

2.2. Microwave and Terahertz Spectroscopy

2.2.1. Ult rasoft Poten t ials: Th e Ridd le of Th e Am m on ia Dim er

On e of th e m ost powerfu l m eth ods in m olecu lar scien ces, on e cou ld even
call it th e classical m eth od of m olecu lar spectroscopy, is m icrowave spec-
t roscopy. Microwave spectroscopy featu res superior, very h igh spectral reso-
lu t ion an d allows to obtain – besid es ro tat ion al con stan t s – h yp erfin e
sp lit t in gs an d oth er in teract ion s in m olecu les an d m olecu lar clusters with
un preceden ted precision . Th is is a m atu re tech n ique wh ich is app lied in a
rou t in e way in m an y laboratories to study a large variety of m olecu lar p rop-
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ert ies, in clu d in g n on -covalen t in t eract ion s in m olecu lar clu st ers an d
biom olecu les in th e gas ph ase16–18. Wh at h as to be said , h owever, is th at
st ructu ral determ in at ion is n ot as st raigh tforward as on e m igh t believe, par-
t icu larly for m olecu lar clusters, in sp ite of th e precision an d accuracy of th e
spectral lin es an d th e correspon din g rotat ion al con stan ts an d m om en ts of
in ert ia obtain ed . For rigid m olecu lar system s th ere is a very clear recipe for
m olecu lar spectroscopy to reduce th e rotat ion al con stan ts to m om en ts of
in ert ia, th us con struct in g a m olecu lar st ructu re. However, for n on -rigid sys-
tem s th at exh ibit large am plitude m otion – th is is a part icu lar featu re of
m an y m olecu lar clusters h eld togeth er by n on -covalen t in teract ion s – an d
th at are furth erm ore particu larly susceptible to cen trifugal distort ion effects,
th e con n ect ion between spectroscop ic con stan ts determ in ed from experi-
m en t an d structu ral determ in at ion is n ot so un am biguous.

A prim e exam ple of th is com es from th e problem of th e structu re of am -
m on ia d im er, (NH3)2, in it iated by th e sem in al m icrowave spectroscop ic ex-
perim en ts con ducted by Klem perer an d co-workers in th e early 1980’s58.
Th ough th is work h as already been reviewed by us before6 we are m en t ion -
in g it h ere on ce m ore because th is m olecu lar cluster sh ows two im portan t
featu res: large am plitude vibrat ion an d tun n ellin g m ot ion . Th e origin al
spectra were in terp reted in term s of don or–accep tor tun n ellin g an d rota-
t ion al tun n ellin g of on e NH3 m oiety (bu t n ot in version tun n ellin g, wh ich
was assum ed to be quen ch ed by th e d im er form ation ), accord in g to th e m o-
lecu lar sym m etry group G16 (refs59,60). Much to th eir su rprise – an d th e su r-
p rise of th e scien t ific com m un ity – th eir resu lt im plied a d im er structu re
th at seem ed n ot to be h ydrogen -bon ded at all. Th eir st ructu re, sh own in
Fig. 3, seem ed to resem ble a cyclic st ructu re with th e n it rogen atom s m ore
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or less facin g each oth er in a d istorted structu re th at d id n ot at all seem to
be h ydrogen -bon ded . However, it was qu ite apparen t th at th e resu lt from
th e m icrowave experim en t wou ld on ly be fu lly con clusive if a fu ll in terp re-
tat ion of th e rotat ion al tun n ellin g structu re cou ld be determ in ed from th e
start in g poin t of a h igh -level poten t ial en ergy su rface calcu lated with a reli-
able ab initio m eth od . Th is procedure took m ore th an a decade an d resu lted
in a m ost decisive con tribu t ion from van der Avoird an d co-workers, wh o
fin ally com puted th e poten t ial en ergy su rface to a su fficien t p recision to al-
low n um erical determ in at ion of th e fu ll rotat ion al tun n ellin g spectrum of
th e NH3 dim er, an d also th e perdeu terated species, with in th e m olecu lar
sym m etry group G144 (ref.61). Th e resu lt sh ows con vin cin gly th at , for an ex-
trem ely flat poten t ial with respect to th e d im er ben din g m otion , a n orm al
m icrowave spectroscopy experim en t wou ld resu lt in th e determ in at ion of
m om en ts of in ert ia th at represen ts an averaged vibrat ion al-rotat ion al st ruc-
tu re. Th is sh ows clearly th at th e in terp retat ion drawn from th e first m icro-
wave spectra of th e Klem perer group h ad , of course, been both correct bu t
n ot fu lly con clusive at th e sam e tim e. Correct in so far th at – of course – th e
m om en ts of in ert ia determ in ed were correct ly deduced from th e experi-
m en tal data, bu t in com plete in th e con text th at on ly with a h igh -quality
poten t ial en ergy su rface an d a com plete quan tum calcu lat ion of en ergy
states on th at su rface can th e spectra be fu lly in terp reted . Th ese, n atu rally,
were n ot available at th e t im e wh en th e first m icrowave m easu rem en ts
were carried ou t .

2.2.2. From W ater Clu sters to a Poten t ial for Liq u id W ater

A story sim ilar to th at of th e am m on ia d im er, albeit of h igh er com plexity,
can be developed for water clusters. Water clusters are of substan t ial in ter-
est to un derstan d n ot on ly th e pairwise addit ive in teract ion s, such as in th e
water d im er, bu t also th e th ree-body (an d m an y-body) in teract ion s, such as
th ose presen t in larger clusters like th e trim er, tet ram er, etc. Th e p ion eerin g
work of Saykally an d co-workers62, in sp ired by th e first sp ect ru m of th e
water d im er by Miller63, h as led to a very sign ifican t im provem en t in th e
un derstan d in g of th ese system s19. Th e m eth od developed by Saykally is vi-
brat ion -rotat ion -tun n ellin g spectroscopy carried ou t in th e terah ertz region
of th e electrom agn et ic spectrum , i.e. aroun d 100 cm –1 (ref.19). In th is spec-
t ral region , t ran sit ion s are seen th at in volve n ot on ly rotat ion s bu t also
low-frequen cy vibrat ion al an d librat ion al m otion s an d , in part icu lar, tun -
n ellin g m otion s. Th e water clusters all exh ibit very sign ifican t tun n ellin g
m ot ion s an d th e corresp on d in g large-am p litu d e m ot ion s an d p assages
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th rough th e associated tran sit ion states resem ble com plicated en ergy lan d-
scapes64. A con certed effort by several th eoret ical groups from ab initio cal-
cu lat ion s by Xan th eas65 t o fu ll six-d im en sion al calcu lat ion s by
Leforest ier66, earlier work of Kim an d Jordan 67, an d th e use of th e d iffusion
Mon te Carlo m eth od by Clary68,69 h as n ow left us with a clearer p ictu re of
wh at is h appen in g in water clusters an d h ow th eir dyn am ics relate to th e
structu re an d dyn am ics of liqu id water. Th e first con clusion th at m ay be
drawn is th at wh en you bu ild up th e clusters to a certain size, th e first
th ree-d im en sion al st ructu re is th e h exam er, all oth er clusters are p lan ar (or,
m ore precisely, pseudo-p lan ar because som e h ydrogen s poin t ou t of p lan e)
as can be seen in Fig. 4. Takin g in to accoun t th e ZPE, it is n ow believed th at
th e cage structu re for th e water h exam er is th e lowest in en ergy19a, in con -
trast to earlier work wh ich proposed th e h exagon al st ructu re. However, th is
m igh t n ot yet be th e fin al defin it ive an swer for th e h exam er structu re sin ce
th e fu ll con siderat ion of th e zero-poin t en ergy level on such poten t ials of
such h igh dim en sion ality is extrem ely dem an din g. In oth er words, for such
system s en tropy p lays a m ost im portan t role an d it is n ecessary to con sider
n ot on ly th e PES, bu t rath er th e free (Gibbs) en ergy su rface (FES). With th e
presen t state-of-th e-art it is n ow clear th at th e spectroscopy of water clus-
ters an d th e correspon din g th eoret ical efforts h ave led to very substan t ially
im proved poten t ials wh ich will be usefu l for th e sim ulat ion of bu lk liqu id
water. Th ese n ew poten t ials developed by differen t groups70,71 are based on
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FIG. 4
Water cluster geom etries, in clud in g th e th ree-d im en sion al water h exam er structu re. Repro-
duced from ref.19a with perm ission



th e kn owledge gain ed from th e cluster experim en ts: th e pair poten t ial m ust
be kn own with extrem e precision an d th e th ree-body in teract ion s con trib-
u te abou t 20% to th e poten t ial en ergy; h igh er-body in teract ion s give a
rath er n egligible con tribu t ion . In th e n ext few years we will see a very sig-
n ifican t im provem en t in th e m odellin g of th e propert ies of liqu id water
from th ese resu lt s. In th is con text it sh ou ld be m en t ion ed th at a
com p letely d ifferen t m eth od for reso lvin g th e issu e of m odellin g a com -
p lex h yd rogen -bon d ed n etwork su ch as water cou ld com e from th e
Carr–Parrin ello m eth od 72. Th is m eth od h as been exten sively tested on large
com plex system s an d th ough it is based on den sity fun ct ion al th eory it is
extrem ely powerfu l sin ce th e poten t ial is calcu lated on th e fly durin g th e
propagat ion of th e dyn am ics, rath er th an usin g a stat ic approxim at ion .

2.2.3. Rotat ion al Coh eren ce Spect roscop y

An oth er, st ill qu ite n ew tech n ique for th e determ in at ion of rotat ion al con -
stan ts, u sin g u lt rafast laser pu lses, is based on rotat ion al coh eren ce an d th e
m easurem en t of its recu rren ce73. Most recen t ly, th is m eth od h as been sub-
stan t ially refin ed by Bru tsch y, Rieh n an d co-workers74, u sin g a two-colour,
t ran sform -lim ited p icosecon d laser system an d ion izat ion detect ion . Due to
th e very h igh quality of th eir spectra th e an alysis an d th e determ in at ion of
rotat ion al con stan ts (wh ich is n ot un am biguous) h as been substan t ially im -
proved an d it is fair to state th at rotat ion al coh eren ce spectroscopy is n ow a
com p lem en tary m eth od com p ared with en ergy level reso lved sp ect ro-
scopy74.

2.2.4. Qu an tu m Ch em ical ab in it io Meth ods

Th e ‘in version ’ of experim en tal data to obtain structu re an d geom etry of a
m olecu lar cluster is n orm ally n ot possible an d fit t in g procedures usin g a
su itable m odel are gen erally em ployed . In con trast , th eoret ical quan tum
ch em ical m eth ods, usin g grad ien t op t im izat ion tech n iques, yield reliable
st ructu ral an d geom etrical in form at ion even for exten ded com plexes. Over
th e last h alf cen tu ry, ab initio com putat ion al tech n iques h ave been devel-
oped an d exten sively used for covalen t system s. Th e recipe for ab initio

com putat ion s of n on -covalen t com plexes is essen t ially th e sam e: use basis
sets as large as possible an d take in to accoun t as m uch of th e correlat ion
en ergy as you can affo rd . For sm all com p lexes with n o m ore th an a few
atom s, it is possible to op t im ize th e geom etry by usin g th e m ost reliable
(an d m ost expen sive) CCSD, CCSD(T) or even th e CCSDT m eth ods75. For
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exten ded com plexes th e use of th ese h igh er-level coup led cluster m eth ods
for geom etry op t im izat ion is d ifficu lt an d too expen sive; as sh own in ref.76,
th e coup led cluster m eth ods do n ot give a very d ifferen t geom etry com -
pared with MP2. Th e ch oice of basis set is crit ical for a reason ably reliable
descrip t ion of an y structu ral type of n on -covalen t com plex: th e basis sets
requ ired sh ou ld h ave at least two sets of first polarizat ion fun ct ion s an d
on e set o f secon d p o larizat ion fu n ct ion s, con d it ion s sat isfied by th e
cc-p VTZ basis set (fo r atom s of th e secon d p eriod an d h yd rogen :
[4s3p2d1f/3s2p1d]). A pleth ora of work provides st ron g eviden ce th at th e
MP2/cc-pVTZ grad ien t op t im izat ion yields correct geom etries for th e n eu-
tral groun d state of m olecu lar com plexes an d th at MP2/cc-pVTZ is th e level
of th eory requ ired to d ist in gu ish between , for in stan ce, stackin g an d h ydro-
gen bon din g in n uclear base pairs. However, for exten ded com plexes th e
MP2/cc-pVTZ level of th eory is com putat ion ally ch allen gin g an d becom in g
in creasin gly im pract ical with in creasin g size of th e com plex. Recen t ly we
exp lored 77 th e app licability of th e resolu t ion of iden t ity MP2 (RI-MP2) ap-
proxim at ion m eth od 78,79. We h ave sh own th at wh en com bin ed with ex-
ten d ed basis set s con tain in g f-fu n ct ion s, RI-MP2 is cap able of accu rate
descrip t ion s of H-bon ded an d stacked DNA base in teract ion s. Th e RI-MP2
m eth od im plem en ted in th e TURBOMOLE code80 yields alm ost iden t ical
absolu te as well as relat ive (in teract ion ) en ergies as th e exact MP2 m eth od
for th e n ucleic acid bases an d base pairs stud ied 77, wh ilst th e com putat ion al
t im e savin g can be as large as on e order of m agn itude.

Th e reliability of th e RI-MP2/TZVPP m eth od (th e TZVPP basis set (for at-
om s of th e secon d period an d h ydrogen : [5s3p2d1f/3s2p1d]) is p ract ically
iden t ical with th e Dun n in g’s cc-pVTZ basis set) was tested for th e ph en ol
d im er81 fo r wh ich exp erim en tal ro t at ion al con st an t s d et erm in ed by
t im e-resolved rotat ion al coh eren ce spectroscopy are available81. Th e op t i-
m ized structu re of th e d im er is sh own in Fig. 5 in d icat in g th at th is d im er is
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FIG. 5
Optim ized structu res of ph en ol d im er. Reproduced from ref.81 with perm ission



n ot on ly stabilized by OH...O h ydrogen bon din g bu t also by substan t ial in -
teract ion of th e ben zen e rin gs. Th e correct descrip t ion of such a structu re
th us requ ires n ot on ly a descrip t ion of th e H-bon d , wh ich is n ot so part icu -
larly dem an din g, bu t also th e descrip t ion of th e π–π in teract ion , wh ich is
m uch m ore in volved . Excellen t agreem en t between experim en tal an d th eo-
ret ical rotat ion al con stan ts (with an average relat ive deviat ion from experi-
m en tal value sm aller th an 1.5%) was obtain ed . Th is gives us th e con fiden ce
to propose th e use of th e RI-MP2/TZVPP m eth od for th e evaluat ion of com -
p lex geom etries. Wh en perform in g th e calcu lat ion s at th e MP2/6-31G**
level (th is level is frequen t ly used for com plexes of th is size), th e relat ive
deviat ion in creased th ree t im es (to 4.5%). Presen t ly, we h ave n o reason to
doubt th e reliability of th e RI-MP2/TZVPP procedures for m olecu lar clus-
ters.

2.2.5. Grad ien t Op t im izat ion an d Basis Set Su p erposit ion Error

Th e use of th e grad ien t op t im izat ion tech n iques for n on -covalen t com -
p lexes is associated with a serious problem : th e basis set superposit ion er-
ror48 is n orm ally n ot a priori in cluded in th e geom etry op t im izat ion cycles.
In con trast , th e BSSE is m ost ly in cluded a posteriori in order to im prove th e
determ in at ion of stabilizat ion en ergy. So, n orm ally, th is im portan t correc-
t ion is on ly taken in to accoun t wh en determ in in g th e stabilizat ion en ergy
bu t it is ign ored in th e geom etry op t im izat ion of th e com plex. On ly several
years ago , a cou n terp oise-corrected grad ien t op t im izat ion p rocedu re was
in troduced , wh ich covers th e basis set exten sion effect in each op t im izat ion
cycle82,83. Un t il very recen t ly, n um erical app licat ion s were lim ited to sm all
an d m edium basis sets as well as to structu ral m otifs wh ere th e BSSE is
rath er sm all. Recen t ly, we h ave used th e coun terpoise-corrected grad ien t
op t im izat ion procedure for th e ph en ol d im er81: it was foun d th at th e rela-
t ive deviat ion of rotat ion al con stan ts from experim en tal values was th e
sam e as in th e case of stan dard MP2 grad ien t op t im izat ion , wh ich we be-
lieve was due to th e use of a sm all basis set . To test th e procedure fu rth er
we opt im ized th e structu re of stacked an d p lan ar H-bon ded uracil d im ers
an d th e st acked ad en in e...t h ym in e p air76; besid es th e cou n ter-
poise-corrected grad ien t op t im izat ion , we also op t im ized th e geom etry of
th ese clusters with a step-by-step procedure based on th e CCSD(T) m eth od ,
in clud in g th e coun terpoise correct ion in every step . Th e resu lts can be sum -
m arized as follows: i) stan dard geom etry op t im izat ion with sm all basis sets
(e.g. 6-31G**) provides fairly reason able in term olecu lar separat ion ; ii) ge-
om etry op t im izat ion with exten ded basis sets at th e MP2 level un derest i-
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m ates th e in term olecu lar d istan ces com pared with th e referen ce CCSD(T)
resu lt s, wh ereas th e MP2/ cc-p VTZ cou n terp o ise-co rrect ed op t im izat ion
agrees well with th e referen ce geom etries an d , th erefore, is recom m en ded .

Geom etrical data obtain ed from quan tum ch em ical calcu lat ion s corre-
spon d n orm ally to op t im ized geom etries at stat ion ary poin ts on th e PES.
Th is data can n ot be d irect ly com pared with experim en t sin ce experim en tal
ch aracterist ics in volve th e vibrat ion al en ergy. Even at 0 K, th e effect of th e
zero-poin t en ergy, to wh ich all vibrat ion s con tribu te, h as to be con sidered .
In order to com pare to experim en t , vibrat ion ally averaged geom etries h ave
to be obtain ed arou n d th e stat ion ary p oin ts on th e PES. Th e sp ectacu lar
effect of vibrat ion al averagin g was already dem on strated for th e am m on ia
d im er in Sect ion 2.2.1. In gen eral, th e less h arm on ic th e PES is aroun d a
stat ion ary poin t , th e m ore pron oun ced is th e effect of th is vibrat ion al aver-
agin g. Wh en con siderin g th e zero-poin t vibrat ion al en ergy level for very
flat poten t ials, for wh ich th e h arm on ic approxim at ion becom es m ean in g-
less, th e posit ion of th e zero-poin t en ergy level can be rath er d ifficu lt to es-
t im ate. For in stan ce, for very flat poten t ials with two or m ore (ad jacen t)
m in im a it is qu ite possible for th e ZPE level to lie above a barrier.

Th e op t im izat ion p roced u re d escribed above con cern s rigid syst em s
wh ere th e con cep t of st ructu re is m ean in gfu l. In th e case of floppy com -
p lexes, large-am plitude m otion s p lay a sign ifican t role such th at th e con -
cep t o f a d efin it e st ru ctu re m u st be rep laced by th e m ore gen eralized
con cep t of th e poten t ial en ergy su rface (see Sect ion 3.1. an d th e d iscussion
of th e am m on ia d im er in Sect ion 2.2.1.).

2.3. Stabilization Energy

We defin e stabilizat ion en ergy as th e n egat ive of th e d issociat ion en ergy
m easured from th e dissociat ion asym ptote to th e m in im um of th e PES. Th e
determ in at ion of stabilizat ion en ergies is of key im portan ce sin ce it relates
to fun dam en tal th erm odyn am ics. Stabilizat ion en ergy can be on ly obtain ed
from th eoret ical calcu lat ion s, wh ile exp erim en t s yield st ab ilizat ion
en th alpy (th is correspon ds to th e in clusion of th e zero-poin t en ergy). For
experim en ts at very low tem peratu res (e.g. in a superson ic expan sion m o-
lecu lar beam ), th e data refer to th e stabilizat ion en th alpy at 0 K, wh ich is
obtain ed th eoret ically by addin g th e zero-poin t en ergy to th e in tern al en -
ergy. However, for h igh er tem peratu res in creases, th e in clusion of tem pera-
tu re-dep en den t en th alp y term s, derived from th e p art it ion fu n ct ion , is
requ ired .
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Experim en tal determ in at ion of th e stabilizat ion en th alpy of a cluster is
d ifficu lt an d relevan t data exist s on ly for few com p lexes. Th e classical
m eth od in volves m easu rin g th e tem peratu re depen den ce of th e equ ilib-
rium con stan t , wh ich yields th e stabilizat ion en th alpy of com plex form a-
t ion . Usin g th e field -ion izat ion m ass spectrom etry m eth od , Sukh odub et
al.84 m easured stabilizat ion en th alp ies of m eth ylcytosin e...m eth ylcytosin e,
m eth ylgu an in e...m eth ylcytosin e, m eth ylad en in e...m eth ylth ym in e an d
m eth ylth ym in e...m eth ylth ym in e com plexes. It m ust be stressed th at th ese,
alm ost 25 years old data are st ill th e on ly data on stabilizat ion en ergies
(en th alp ies) of DNA base pairs in vacuo.

2.3.1. Mass-Resolved ZEKE Spect roscop y

Th e best m eth od so far to determ in e stabilizat ion en ergies with spectro-
scop ic precision com es from ZEKE spectroscopy9–11. Th e ZEKE spectroscopy
m eth od h as been exten sively reviewed 85–95, also in th e con text of Rydberg
state96 an d ph otoion izat ion dyn am ics97 an d app lied to m olecu lar clusters98.
Let us recall th at ZEKE spectroscopy is based on th e pu lsed field ion izat ion
of very lon g-lived Rydberg states9d ,99,100 of very h igh prin cip le quan tum
n um bers (n > 200). Th e pu lsed field ion izat ion of a ZEKE Rydberg state pro-
duces both an electron an d an ion . Wh en th is electron is m easu red we call
th is m eth od zero elect ron kin et ic en ergy (ZEKE) p h otoelect ron sp ect ro-
scopy; wh en th e correspon din g ion is select ively m easu red , we call th is
m ass-selected ZEKE, or m ass-an alyzed th resh old ion izat ion (MATI)10,101–103.
Sin ce th e m otion of th e Rydberg electron is com pletely decoup led from th e
in tern al m otion of th e ion core, a ZEKE spectrum resu lts in th e observat ion
of vibrat ion al an d rotat ion al st ructu re of th e correspon din g m olecu lar cat-
ion . Th is is fu lly equ ivalen t to th e spectrum on e would obtain from ph oto-
electron detect ion if on e cou ld im prove th e resolu t ion to th e requ ired level.
Mass-selected ZEKE provides th e addit ion al advan tage of h avin g a m ass sig-
n atu re, wh ich is part icu larly usefu l for m olecu lar clusters an d th e observa-
t ion of fragm en tat ion processes. For m olecu lar clu sters, th e m ost usefu l
app licat ion of MATI com es from observat ion of th e d issociat ion of th e
Rydberg state ion core wh ich allows th e determ in at ion of d issociat ion an d
bin d in g en ergies of th e m olecu lar cluster cat ion . On ce th e cat ion dissocia-
t ion en ergy is kn own , th e d issociat ion en ergy of th e n eu tral cluster is also
kn own , as we h ave sh own fo r th e p h en o l...N2 an d p h en o l...CO com-
p lexes104 an d for oth er com plexes105. In term s of spectral resolu t ion , th e
MATI resolu t ion can be bet ter th an 0.1 cm –1 (ref.103), an d ZEKE an d MATI
are fu lly equ ivalen t10,106. For th e ph en ol...argon com plex, Fig. 6 sh ows a
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com parison between ZEKE electron (a) an d MATI detect ion with h igh (b)
an d lower (c) spectral resolu t ion . Th e in sert in Fig. 6 (b) sh ows an en larged
sect ion of both th e ph en ol+...Ar (paren t) an d th e ph en ol+ (daugh ter) ion
aroun d th e d issociat ion th resh old of th e ph en ol+...Ar cluster. It can be seen
th at th e d issociat ion en ergy can be very precisely determ in ed as th e d iffer-
en ce between th e d isappearan ce of th e paren t ion an d th e appearan ce of
th e daugh ter fragm en t ion . Th e correspon din g en erget ics for th e cat ion
groun d state, th e n eu tral excited state an d th e n eu tral groun d state are il-
lu st rated in Fig. 7 alon g th e in term olecu lar d issociat ion react ion coord i-
n ate.
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FIG. 6
ZEKE spectroscopy of ph en ol...argon : (a) High -resolu t ion ZEKE spectrum (electron detect ion );
(b) h igh -resolu t ion an d (c) low-resolu t ion MATI spectra m easured for th e ph en ol+...argon (par-
en t) an d ph en ol+ (daugh ter) d issociat ion product . Th e dissociat ion th resh old is en larged in th e
in serts in (b) an d (c). Th e dissociat ion en ergy can be very precisely determ in ed in (b) at th e
poin t of d isappearan ce of th e paren t ion an d th e appearan ce of th e daugh ter fragm en t ion . Re-
produced from ref.10 with perm ission
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FIG. 7
En ergy diagram for th e MATI dissociat ion process



Th e way th at th is h igh -precision dissociat ion spectroscopy works is de-
p icted in Fig. 8. Th e ZEKE Rydberg electron circles aroun d th e ion core at a
very large d ist an ce. An y d yn am ic p rocess, su ch as vib rat ion al p re-
d issociat ion , even electron ic excitat ion in th e cat ion in th e core, will leave
th e Rydberg electron un touch ed . So if th e ion core d issociates, th e ion ic
fragm en t will con t in ue to support th e Rydberg electron wh ereas th e n eu tral
fragm en t will escape virtually un n ot iced . Upon pu lsed field ion izat ion th e
ion gen erated will th en be th e daugh ter fragm en t ion an d n o lon ger th e
paren t ion . In th e t im e of fligh t spectrum , th e daugh ter ion will be m ea-
su red an d if th is is don e sim ultan eously with th e m easurem en t of th e par-
en t ion th en a spectrum such as th at sh own in Fig. 6 will be obtain ed . By
in vokin g a Haber–Bosch cycle, th e d issociat ion en ergy in th e ion ic com plex
can th en im m ediately be used to determ in e th e d issociat ion en ergies in th e
n eu tral excited state (S1) an d /or th e n eu tral groun d state (S0). It can n ot be
st ressed en ough th at p resen t ly th e on ly viable m eth od of h igh spectro-
scop ic precision for th e determ in at ion of d issociat ion an d stabilizat ion en -
ergies of m olecu lar com plexes com es from th is m ass-resolved varian t of
ZEKE spectroscopy.
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FIG. 8
Dyn am ics of th e MATI dissociat ion process. Th e ZEKE Rydberg electron is n ot pertu rbed by
an y dyn am ic process, in clud in g vibrat ion al p red issociat ion of th e ion core. Wh en th e ion core
d issociates, th e ion ic fragm en t will con t in ue to support th e Rydberg electron due to th e dom i-
n an t Cou lom b in teract ion . Upon pu lsed field ion izat ion , th e ion produced is th e (daugh ter)
fragm en t ion . Th e n eu tral fragm en t is n ot detected



2.3.2. Com pu tat ion of Stabilizat ion En ergy

Com pared with th e determ in at ion of a geom etry, th e th eoret ical determ i-
n at ion of stabilizat ion en ergies requ ires usin g h igh er-level tech n iques (in
com parison with th e determ in at ion of a structu re) sin ce th e stabilizat ion
en ergy is m ore sen sit ive to accurate descrip t ion th an th e structu re itself.
First , it is n ot correct to lim it th e calcu lat ion s solely to th e MP2 level;
h igh er correlat ion en ergy con tribu t ion s sh ou ld be in cluded . It is th us n ot
recom m en dable to use DFT tech n iques sin ce th ey do n ot cover a su fficien t
part of th e correlat ion en ergy. Specifically, th e Lon don dispersion forces are
n ot covered if an y of p resen t ly u sed DFT fu n ct ion als are adop ted . Th e
CCSDT m eth od , con siderin g sin gle, double an d trip le excitat ion s (as well as
part of h igh er excitat ion s) iterat ively (up to th e in fin ite pertu rbat ion order),
is st ill lim ited to com plexes with less th an 10 atom s. On ly very recen t ly,
th e first study appeared wh ere th e stabilizat ion en ergies of m odel H-bon ded
an d stacked system s were determ in ed at th e CCSDT level107. A com prom ise
between econ om y an d accuracy is th e CCSD(T) m eth od wh ere th e trip le ex-
citat ion s are covered in a n on -iterat ive way. Because of th e stron g depen d-
en ce of stabilizat ion en ergy on th e AO basis set size, it is im portan t to
perform th e calcu lat ion with as a large basis set as possible or, p referably to
do it at th e com plete basis set (CBS) lim it . Th e determ in at ion of a CBS lim it
of th e CCSD(T) calcu lat ion s is im pract ical sin ce we can n ot obtain two en -
ergy poin ts gen erated with system atically im proved AO basis sets. Let us
m en t ion th at th e first reliab le basis set (in th e cc-p VXZ series) is th e
Dun n in g aug-cc-pVDZ basis, an d th en aug-cc-pVTZ 108. Th e CCSD(T) calcu -
lat ion s for com plexes m en t ion ed are im pract ical for basis sets larger th an
DZ + P (e.g. 6-31G** or cc-pVDZ). Th ere exists, h owever, a sin gle m eth od by
wh ich on e m ay overcom e th is p roblem . Th is is based on th e fact th at
CCSD(T) an d MP2 en ergies h ave a sim ilar depen den ce on th e size of basis
set used (cf. Fig. 9). Assum in g th e d ifferen ce between CCSD(T) an d MP2 in -
teract ion en ergies (∆ECCSD(T) – ∆EMP2) exh ibits a relat ively sm all basis set de-
p en d en ce com p ared with MP2 CBS d eterm in at ion , th e CBS CCSD(T)
in teract ion en ergy can be approxim ated as

∆ ∆ ∆ ∆E E E E
CCSD(T)

CBS
MP2

CBS
CCSD(T) MP2

m edium bas= + −( )| is set . (1)

Th e CCSD(T)-MP2 differen ce h as been in vest igated for H-bon ded as well as
stacked m odel com plexes46. It was foun d th at even rath er sm all basis sets
like cc-pVDZ (0.25, 0.15), wh ere th e expon en ts of d- an d p-polarizat ion
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fun ct ion s were equal to 0.25 an d 0.15 to en su re a bet ter descrip t ion of
stacked com plexes, yield sat isfactory values for th is d ifferen ce (cf. Fig. 9).

Th e MP2 part of th e stabilizat ion en ergy is extrapolated to th e CBS lim it
as follows. Wh ereas th e HF in teract ion en ergy can be con sidered to con -
verge with respect to th e on e-electron basis set already for relat ively sm all
basis sets, th e MP2 part of th e in teract ion en ergy con verges to its com plete
basis set lim it un sat isfactorily slowly (cf. Fig. 9). In order to correct th e
com puted resu lts for th e basis set in com pleten ess error, several extrapola-
t ion sch em es h ave been successfu lly em ployed in literatu re. Th is is th e
sch em e of Helgaker an d co-workers109:

E E A E E BX
X

X
HF

CBS
HF

X
corr

CBS
corre an d= + = +− −α 3 (2)

an d of Truh lar110:

E E AX E E BXX
HF

CBS
HF

X
HF

CBS
HFan d= + = +− −α β (3)

wh ere EX an d ECBS are en ergies for th e basis set with th e largest an gu lar m o-
m en tum X an d for th e com plete basis set , respect ively; α an d β are param e-
ters fit ted by th e au th ors109,110. Th ese sch em es were ch osen because (i) both
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FIG. 9
Th e depen den ce of MP2, CCSD(T) an d (MP2–CCSD(T)) in teract ion en ergies on th e basis set
size (2.0, 3.0 an d 100.0 m ean double-zeta, t rip le-zeta an d CBS lim it , respect ively). Reproduced
from ref.46 with perm ission



approach es extrapolate HF an d correlat ion en ergy separately an d (ii) both
use th e two-poin t form (th ey extrapolate two successive basis sets resu lts).
Th e two-poin t extrapolat ion form is preferable as it was sh own 111 th at in -
clusion of addit ion al (lower-quality basis set) resu lts in th e extrapolat ion of-
ten sp oils th e q u ality of th e fit , esp ecially wh en th e sm allest basis set
(cc-pVDZ) is used . For n on -covalen t com plexes it is recom m en ded to use
augm en ted Dun n in g’s basis sets rath er th an n on -augm en ted on es to reduce
th e extrapolat ion error (n ote th at th e aug-cc-pVDZ basis set gives absolu te
en ergies as well as in teract ion en ergies com parable with th ose calcu lated
with th e TZVPP basis).

Extrapolat ion to th e com plete basis set lim it is also im portan t from th e
poin t of view of th e basis set in con sisten cy problem . Th e BSSE gives rise to
a bet ter descrip t ion of th e supersystem com pared with th e subsystem s; th e
supersystem uses basis sets of both subsystem s (or all subsystem s in m ore
exten ded species), form in g th e larger d im m er-cen tred basis set (DCBS). Th e
BSSE is largest for sm all basis sets an d its value reduces wh en th e basis set
size in creases. Wh en workin g with in fin ite basis sets, th e BSSE sh ou ld con -
verge, by defin it ion , to zero. Figu re 10 sh ows th e depen den ce of stabiliza-
t ion en ergies of th e aden in e...th ym in e pair on th e AO basis set size. It is
eviden t th at corrected as well as un corrected stabilizat ion en ergies con verge
to th e sam e com plete basis set lim it , th e first from above wh ile th e lat ter
from below (th ou gh , in th e secon d in st an ce, n o t n ecessarily in a
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FIG. 10
Depen den ce of un corrected (red lin e) an d BSSE-corrected (blue an d black lin es refer to in clu -
sion of 50% an d 100% of BSSE) st ab ilizat ion en ergies (en ergies in kcal/ m o l) o f h yd ro-
gen -bon ded structu re of th e aden in e...th ym in e pair on th e AO basis set size (T→Q m ean s CBS
lim it obtain ed from extrapolat ion of aug-cc-pVTZ an d aug-cc-pVQZ en ergies)



m on oton ic fash ion ). From Fig. 10 it is fu rth er eviden t th at wh en usin g
sm all an d m edium AO basis sets, th e corrected stabilizat ion en ergy is closer
to th e CBS lim it an d as such just ifies th e use of BSSE correct ion s wh en
workin g with th ese basis sets.

Recen t ly, n um erous app licat ion s of extrapolat ion tech n iques for sm all
system s h ave been described an d reviewed 112. Th is is illu st rated by two ear-
lier113a,113b an d a few m ore recen t works113c–113f. Equ ilibrium structu res an d
en erget ics for two m in im a an d an act ivated com plex at th e Ar...HF PES
(m in im a: Ar...HF an d Ar...FH) were calcu lated with th e BSSE taken in to con -
siderat ion durin g grad ien t op t im izat ion 113a. Th e CBS MP2 value for water
d im erizat ion was ascertain ed 113b to be –4.94 ± 0.02 kcal/m ol. A vdW radi-
cal, HeBr, an d a vdW m olecu le, HeBr2, were stud ied with basis sets of dou-
b le th rou gh q u in tu p le zet a q u alit y (i.e., X = 2, 3, 4 , 5). In ad d it ion ,
poten t ial en ergy su rfaces togeth er with tran sport , scat terin g an d spectro-
scop ic propert ies were obtain ed 113c. For sim ple vdW m olecu les ((Ne)2, (Ar)2,
(HF)2 an d (H2O)2)113d , acetylen e d im er113e, an d for cat ion s (H3

+...Rg), m ole-
cu les ((H2)2), an d an ion s (CH4...H–)113f, CBS en ergies an d structu ral featu res
were obtain ed th rough plots of th ose ch aracterist ics again st recip rocal val-
ues of th e n um ber of fun ct ion s in th e respect ive basis set .

Th e perform an ce of th e above m en tion ed th eoret ical p rocedure for deter-
m in at ion of st ru ctu re an d stab ilizat ion en ergy was tested for th e ben -
zen e...in dole com plex114 for wh ich th e stabilizat ion en th alp y is kn own
from th e MATI experim en ts. As m en tion ed before, th e tech n ique does yield
an experim en tal stabilizat ion en th alpy bu t does n ot p rovide an y in form a-
t ion on th e structu re of a com plex. We con sidered th erefore two possible
arran gem en t of th e d im er, a stacked structu re (a) an d an N–H...π H-bon ded
structu re (b). In th e first step , both structu ral m otifs were op t im ized at th e
RI-MP2/TZVPP level; th e op t im ized geom etries are presen ted in Fig. 11. Th e
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FIG. 11
Stacked (a) an d N–H...π h ydrogen -bon ded structu re (b) of th e ben zen e...in dole d im er. Repro-
duced from ref.114 with perm ission



RI-MP2 stabilizat ion en ergy of th e stacked structu re was sligh t ly larger th an
th at of th e H-bon ded structu re (6.57 an d 6.20 kcal/m ol) an d th is d ifferen ce
was fu rth er en larged wh en passin g to stabilizat ion en th alp ies at 0 K (th e
ZPE was added). Perform in g th e CCSD(T) calcu lat ion s with a 6-31G** (0.25,
0.15) basis set , th e p referen ce of bo th st ru ctu res was reversed an d th e
N–H...π H-bon ded structu re becom es m ore stable (4.24 an d 2.81 kcal/m ol).
Th is is a rem arkable effect givin g clear eviden ce for th e role of h igh er corre-
lat ion en ergy term s. Eviden t ly, wh en com parin g stabilizat ion en ergies of
various structu ral m otifs, th e h igh er-order correlat ion en ergy con tribu t ion s
sh ou ld be properly covered . Fin ally, th e CBS lim it of th e MP2 stabilizat ion
en ergy was determ in ed for th e global m in im um an d pu t t in g togeth er all
t h e con t ribu t ion s we obtain ed an est im ate o f th e t ru e st ab ilizat ion
en th alp y of th e N–H...π H-bon d ed st ru ctu re (5.3 kcal/ m ol). Th is valu e
n icely agrees with th e experim en tal est im ate 5.2 kcal/m ol an d en h an ces
con fiden ce in th e use of th is p rocedure for oth er exten ded n on -covalen t
com plexes. Let us fin ish , h owever, by sayin g th at fu rth er test in g of th e pro-
cedu re is n ecessary wh ich requ ires m ore exten sive sets of experim en tal
data.

2.4. Is Density Functional Theory (DFT) Capable of Describing

Non-Covalent Interactions?

Th e an swer is sim ple: In cases wh ere th e con tribu t ion of d ispersion en ergy
is sign ifican t or even dom in an t , DFT is n ot app licable or oth erwise un su it -
able to th is kin d of calcu lat ion 115. Th is con cern s n ot on ly th e in teract ion of
rare atom s, bu t also selected in teract ion types of n ucleic acid bases an d
am in o acids. In n um erous oth er in stan ces DFT works well116. Th is con cern s
geom etry an d en erget ics of H-bon ded com plexes, geom etry an d spectral
featu res of classic ch arge-t ran sfer com plexes116a, th e m agn et ic exch an ge
coup lin g between tran sit ion -m etal ion s in d in uclear com plexes116b, m etal
ligan d arom at ic cat ion -π in t eract ion s (top ical fo r exam p le in
m etalloprotein s116c) an d NMR propert ies of xen on -con tain in g com poun ds
(in t eract ion en ergies, h owever, were evalu at ed by th e MP2 ab initio

m eth od 116f). Fin ally, m atrix-isolat ion experim en ts (IR) with com plexes be-
tween CO an d a set of d ih alogen m olecu les were carried ou t an d resu lts
were d iscussed on th e basis of DFT calcu lat ion s.

Attem pts associated with overcom in g th is in h eren t weakn ess were m ade
alon g several lin es117. Ab initio DFT was developed an d its relat ion sh ip to
coup led-cluster m eth ods an alyzed 117a–117c. In con trast to th e stan dard DFT
(local, grad ien t -corrected , or h ybrid ), th e ab initio version correct ly de-
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scribes Lon don in teract ion in , for exam ple, (He)2 an d (Ne)2. Th e DFT ap-
proach was also used for calcu lat ion s of poten t ial en ergy su rfaces of van der
Waals com plexes117d ,117e.

Som e deficien cies of th e sym m etry-adap ted pertu rbat ion treatm en t , SAPT
(Koh n –Sh am ), were overcom e by usin g an asym ptot ic correct ion . Th is con -
cern s th e electrostat ics, th e first -order exch an ge, th e secon d-order in duc-
t ion an d exch an ge-in d u ct ion 117d en ergies. Th e rem ain in g d ifficu lty
con cern ed dispersion en ergy. By m ean s of a gen eralized Casim ir/Polder for-
m ula (evaluated with dyn am ic den sity suscep t ibilit ies obtain ed from TD
DFT), very good an d econ om ically accep table resu lts were obtain ed 117e for
(He)2, (Ne)2, an d (H2O)2. Th e resu lts obtain ed for a weakly boun d com-
p lex117f usin g th e Perdew–Wan g exch an ge an d Perdew–Wan g correlat ion
term s (PW 91PW 91) com bin ed with Ad am o an d Baron e’s Becke-style
on e-p aram eter fu n ct ion al are p rom isin g, bu t m ore test in g is n ecessary.
However, th e on ly gen erally accep table DFT tech n ique wh ich covers d isper-
sion en ergy is a com bin at ion of DFT an d Lon don dispersion en ergy116d .
Th is sem iem pirical m eth od (com bin at ion of t igh t bin d in g DFT an d em piri-
cal d ispersion correct ion ) gives very prom isin g resu lts com parable with ac-
cu rate correlated resu lts for H-bon ded as well as stacked n ucleic acid base
pairs an d various m otifs of am in o acid base pairs118.

2.5. V ibrational Frequencies

A very im portan t featu re of vibrat ion al frequen cies is th e fact th at th ey are
observable an d th e form ation of a n on -covalen t com plex can be easily de-
tected by m easurin g its in term olecu lar vibrat ion al frequen cies. Upon for-
m at ion of a n on -covalen t com plex, n ew in term olecu lar frequen cies arise,
wh ich are gen erally m uch sm aller th an in tram olecu lar frequen cies an d are
typ ically observed in th e sub-100 cm –1 region of th e vibrat ion al spectrum ;
frequen t ly, th ey are below 50 cm –1. Gen erally, six in term olecu lar frequen -
cies exist , correspon din g to th e loss of th ree tran slat ion al an d th ree rota-
t ion al degrees of freedom upon form at ion of a com plex. In term olecu lar
frequen cies are m ost ly rath er sim ilar for various types of n on -covalen t com -
p lexes an d th us can n ot be used for iden t ificat ion of a specific com plex. For
th e iden t ificat ion , on e can use ch an ges of in tram olecu lar frequen cies upon
form ation of a com plex, th e observed sh ift of wh ich usually correlates with
th e st ren gth of m olecu lar in teract ion s. Well kn own is th e sh ift of X–H
stretch in g frequen cies to lower values upon form ation of a h ydrogen bon d
of th e X–H...Y type. Th is red sh ift can be very large, even several h un dreds
of waven um bers afford in g an easy an d un am biguous way of provin g th e
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form at ion of an H-bon ded com plex. In th e recen t years an opposite sh ift ,
i.e. a sh ift to h igh er frequen cies (blue sh ift ), was also observed for a sim ilar
class of system s an d th e so-called im proper blue sh ift in g H-bon d was de-
tected in m an y com plexes in n atu re. More detailed in form ation on both
types of H-bon din g will be provided later.

Harm on ic frequen cies are easily determ in ed even for large n on -covalen t
cluster usin g th e Wilson FG an alysis an d th e procedure is n ow rou t in ely
available in quan tum ch em ical codes. Th e frequen cies calcu lated , h owever,
are in reality n on -h arm on ic, an d th e effect of an h arm on icity sh ou ld be
taken in to con siderat ion . Most ly th is is covered via scalin g an d th ere exist
recom m en d ed valu es o f scalin g facto rs, wh ich are d ifferen t fo r
Hartree–Fock an d correlated calcu lat ion s. Th e use of scalin g brin gs with ou t
doubt bet ter agreem en t between experim en tal an d th eoret ical values bu t its
use can n ot be gen erally recom m en ded sin ce it som etim es leads to deterio-
rat ion of th is agreem en t . Th e stan dard approach to th e n on -h arm on ic vi-
b rat ion al p rob lem for large n on -covalen t clu st ers is th e p ertu rbat ion
th eory119,120. If th e zero-order Ham ilton ian (usually a h arm on ic oscillator)
is a good approxim at ion to th e true vibrat ion al Ham ilton ian , th e pertu rba-
t ion th eory is a very efficien t an d reliable tool for calcu lat in g vibrat ion al
frequen cies. In th e trad it ion al approach , th e m atrix represen tat ion of th e
m olecu lar Ham ilton ian is d iagon alized by successive con tact t ran sform a-
t ion s. Th is procedure, h owever, fails in th e case of acciden tal reson an ce,
wh ich is often th e case if we deal with large system s with m an y vibrat ion al
m odes. In th is case th e term s con n ect in g th e reson an t levels h ave to be
treated variat ion ally120,121 an d con siderable progress was ach ieved in devel-
op in g n ew procedures based on pertu rbat ive treatm en t for th e calcu lat ion
of an h arm on ic frequ en cies121–123. Th e poten t ial en ergy fu n ct ion is con -
st ructed as a low-order polyn om ial (up to th e fourth order) expressed in
n orm al coord in ates. Th e force con stan ts are obtain ed by least-squares fit -
t in g of en ergies, grad ien ts, an d Hessian s calcu lated at geom etries close to
th e global m in im um on th e PES. Th e m ain advan tage of th is approach
stem s from its com pu tat ion al efficien cy as th e n u m ber of th e req u ired
Hessian s scales lin early with th e n um ber of vibrat ion al m odes. Th us, th e
m eth od can even be u sed fo r large syst em s wh ile resp ect in g th e fu ll
d im en sion ality of th e problem . However, th e app licability of th e procedure
is less st raigh tforward for n on -covalen t clusters sin ce th ey are n on -rigid sys-
tem s. Th e vibrat ion al dyn am ics of floppy system s can n ot be described in
th e fram ework of a sin gle-referen ce Ham ilton ian an d , th erefore, th e pertu r-
bat ion series used are n ecessarily st ron gly d ivergen t . In such a case th e on ly
altern at ive is a m ore exact t reatm en t of th e large-am plitude vibrat ion al
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m odes in clud in g all relevan t parts of th e coord in ate space. Th is requ ires
calcu lat ion of th e global PES, wh ich becom es com putat ion ally proh ibit ive
even for system s with on ly a few degrees of freedom . However, th e n um ber
of large-am plitude m otion s is usually a sm all fract ion of th e total n um ber
of vibrat ion s. Con sequen t ly, th e large-am plitude vibrat ion s can be rem oved
from th e pertu rbat ive treatm en t an d th e Sch rödin ger equat ion for th e effec-
t ive large-am plitude Ham ilton ian solved variat ion ally. However, a coup lin g
between large-am plitude vibrat ion al m ode an d oth er m odes is n ot con sid-
ered an d can lead to rath er large errors.

Th e fu lly variat ion al m eth od is free of an y lim itat ion bu t it is p roh ibi-
t ively expen sive even for p roblem s of low-d im en sion ality. Literatu re on
h igh er-d im en sion al an h arm on ic vibrat ion al calcu lat ion s of n on -covalen t
clu sters based on ab initio correlated calcu lat ion s in clu des a variat ion al
six-d im en sion al in term olecu lar vibrat ion al frequen cy calcu lat ion for th e
aden in e...th ym in e Watson –Crick base pair124 an d a twelve-d im en sion al vi-
brat ion al frequen cy calcu lat ion for th e water d im er by pertu rbat ion th eo-
ry125. Also , a six-d im en sion al frequen cy calcu lat ion for th e water d im er
based on various em pirical poten t ials was reported recen t ly by LeForest ier
et al.66 Oth er rigorous treatm en ts of vibrat ion s in clusters h ave also been re-
ported 126–129. Harm on ic an d an h arm on ic vibrat ion frequen cies were deter-
m in ed for th e guan in e...cytosin e com plex an d com pared with gas-ph ase
IR-UV double reson an ce spectral data. Harm on ic frequen cies were obtain ed
at RI-MP2/cc-pVDZ an d RI-MP2/TZVPP levels an d an h arm on ic frequen cies
were obtain ed by th e CC-VSCF m eth od based on im proved sem iem pirical
PM3 resu lts130. Com parison of th e data with experim en tal resu lts in d icates
th at th e average absolu te percen tage deviat ion s for th e m eth od is 2.6% for
h arm on ic RI-MP2/cc/pVDZ, 2.5% for h arm on ic RI-MP2/TZVPP an d 2.3%
for th e adop ted PM3 CC-VSCF. Th e use of em pirical scalin g factor for th e
ab initio h arm on ic calcu lat ion s im proves th e stretch in g frequen cies bu t de-
creases accuracy of th e oth er m ode frequen cies130.

Th e soft in term olecu lar vibrat ion al m odes m ay serve for st ructu ral eluci-
dat ion . Th eir total n um ber ran ges from on e (vdW system con sist in g of two
atom s) up to six, wh ich is available for an y vdW system con sist in g of two
p o lyatom ic su bsyst em s. Th e h yd rogen flu o rid e d im er p ossesses fou r
in t erm olecu lar m od es fo r obviou s reason s. Th e vib rat ion al p red issoci-
at ion 131a an d th e vibrat ion al secon d overton es131b of (HF)2 were stud ied
th orou gh ly. Cou n terp oise-corrected ab initio an alyt ical p oten t ial en ergy
an d dipole h ypersu rfaces were com puted an d th e d im er d issociat ion en -
ergy, De = 19.1 kJ/m ol, was obtain ed 131c. Th e en ergy barrier to th e h ydrogen
bon d exch an ge am oun ts to 4.2 kJ/m ol; th e d isrotatory in -p lan e ben din g vi-
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brat ion in volved in th is p rocess was stud ied earlier131d . A carefu l study of
n ear in frared spectra of (DF)2 perm it ted determ in at ion of all fou r in ter-
m olecu lar m odes131e. Exten sive at ten t ion was paid to th e role of th e basis
set superposit ion error (BSSE) in con n ect ion with oligom ers (HF)n (n = 3, 4);
th e con sequen ces are of greater im portan ce131f.

Th e h igh -resolu t ion IR 131g an d vibrat ion al excitat ion 131h spectra were re-
corded an d an alyzed . An in form ation on th e coup lin g between th e in tra-
an d in term olecu lar m odes can be obtain ed from th e red sh ift of th e HF
stretch in g m ode; an an alysis of th e rotat ion al con stan ts131g can be used for
th e sam e purpose. Th e CCSD(T) calcu lat ion s were carried ou t in a study of
vibrat ion al p red issociat ion of th e Ne...Br2 system 131i. High -quality PES for
(N2)2 lead 131j to a T-sh aped structu re with a well dep th of 107 cm –1 an d a
distan ce of 4.03 Å. A rotat ion ally resolved IR spectrum for C2H4...HCl (with
35Cl an d 37Cl) was in terp reted with th e assistan ce of th e CCSD(T) calcu la-
t ion s131k.

A π-type com plex between 2,3-d ih ydroben zofu ran (cou m aran ) an d Ar
was stu d ied by com bin in g reson an ce-en h an ced m u lt ip h oton ion izat ion
an d zero electron kin et ic en ergy spectroscopy131l.

Th e OH...CO vdW radical represen ts an in term ediate in th e OH + CO → H +
CO 2 p rocess, wh ich assu m es an im p ort an t ro le in com bu st ion an d atm o-
sph eric ch em istry132. In term olecu lar excitat ion s in th e region 50–250 cm –1

were in terp reted with th e assistan ce of th e CCSD(T) m eth od .
Mult iph oton IR ph otod issociat ion spectroscopy was used for th e in vest i-

gat ion of th e solvat ion effect with th e (HBr)nBr– (n = 1, 2, 3) system s. A
h arm on ic approxim ation is n ot sufficien t for th e in terpretation of experi-
m en tal IR spectra133a. Th e in term olecu lar π-bon d between proton ized ben -
zen e (C6H7

+) an d Ar, N2 , CH4 , an d H2O was stu d ied by m ean s o f IR
p h o tod issociat ion sp ect ra o f m ass-select ed clu st ers an d MP2 calcu la-
t ion s133b.

3. POTENTIAL ENERGY AND FREE ENERGY SURFACES

3.1. Em pirical Potentials and an Attem pt to Pass to More and More

Extensive System s: Com bination of V arious Elem ents of Theory

Em pirical poten t ials con t in uously at t ract at ten t ion in th e area of clusters of
rare gas atom s as well as n on -covalen t species con tain in g rare gas atom s
an d sm all m olecu les of various sorts. Exam ples com e from th e h igh ly accu-
rate sem iem p irical in teratom ic p oten t ial for argon clu sters134 an d from
h igh -resolu t ion spectroscopy, wh ich served to obtain th e poten t ials th at

Collect . Czech. Chem. Commun. 2006, Vol. 71, No. 4, pp. 443–531

476 Hobza, Zahradník, Müller-Dethlefs:



perm it ted th e determ in at ion of secon dary m in im a for th e Ar...HF 135 an d
Ar...HCl 136 n on -covalen t species.

Durin g th e last few years, in creasin g at ten t ion h as been paid to em pirical
poten t ials for m ore com plex system s, in clud in g water. Th e essen t ial role of
m an y-body con tribu t ion s are well kn own for water m olecu le clusters; fre-
quen t ly, various poten t ials were used for th e gas, liqu id , an d solid states.
An effect ive pair poten t ial was first in t roduced for all th ree ph ases137.

Mon te Carlo an d m olecu lar dyn am ics sim ulat ion s, in sp ite of an in creas-
in g ten den cy to use quan tum ch em ical calcu lat ion s, st ill frequen t ly use em -
p irical p o ten t ials; n owad ays, h owever, a h ybrid p roced u re based on a
com bin at ion of q u an tu m m ech an ical an d m olecu lar m ech an ical t ech -
n iques h as been widely used . Such a procedure m akes it possible to obtain
realist ic values for h ydrat ion Gibbs en ergy, n ot on ly for a set of sm all m ole-
cu les an d ion s, bu t also fo r acet ic acid , glycin e (in zwit t erion ic an d
n on -zwit terion ic form s) in water an d for th e Ag+...glycin e com plex138. An
in struct ive review on soph ist icated poten t ials su itable for MD treatm en t of
biom olecu les is available139.

3.2. Nucleic Acid Base Pairs

It is d ifficu lt to t reat th e PES of exten ded com plexes con tain in g large n um -
bers of t ran sit ion structu res an d en ergy m in im a separated by low-en ergy
barriers64. Let us n ote h ere th at th e grad ien t op t im izat ion tech n iques local-
ize th e n earest en ergy m in im um an d th en stop th e calcu lat ion . On en coun -
terin g such a stat ion ary poin t (for wh ich th e grad ien t is zero by defin it ion ),
wh ich can be a m in im um or, in fact , a saddle poin t , it is th en n ecessary to
restart th e op t im izat ion from a differen t geom etry an d to h ope th at , after
several t rials, th e wh ole PES will be sam pled . It is t rue th ough th at n eith er
ch em ical in tu it ion n or experien ce will n ecessarily be of an y con siderable
h elp in elucidat in g a poten t ial en ergy su rface, especially in m ore com plex
system s. Th e use of an efficien t sam plin g tech n ique is th us in evitable an d
com puter experim en ts offer an ideal solu t ion . Th e aim is n ot on ly to local-
ize th e global m in im um but also to iden t ify all oth er en ergy m in im a, as a
fu ll descrip tion of th e PES is of key im portan ce for subsequen t com parison of
th eory with experim en tal resu lts. For th is reason , th e use of m eth ods like
sim ulated an n ealin g, wh ich aim s to fin d global m in im a on ly, is of lim ited
use. In stead, tech n iques like m olecular dyn am ics (MD) sim ulation s in com bi-
n ation with quen ch in g tech n iques140 (MD/Q) are m ore usefu l. Variat ion of
th e kin et ic en ergy (it sh ou ld be h igh er th an th e en ergy of th e h igh est t ran -
sit ion structu re) an d th e len gth of a quen ch en sure th e proper sam plin g of
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th e wh ole su rface. In perform in g th e lon ger MD sim ulat ion s, on e can ob-
tain in form ation abou t th e popu lat ion of various en ergy m in im a, wh ich
correspon ds to th e Gibbs en ergy ch an ge. Sim ulat ion s can be perform ed in
th e NVT can on ical or NVE m icrocan on ical en sem ble (N , V , E an d T refer to
th e n um ber of m olecu les in a system , its volum e, en ergy an d tem peratu re,
respect ively). In th e NV T can on ical en sem ble, th e clu ster is in th erm al
equ ilibrium with th e su rroun d in gs an d , accord in gly, th e NVT en sem ble
yields in form ation abou t th e beh aviour of th e cluster wh en it is in teract in g
with th e su rroun din gs. In th e NVE m icrocan on ical en sem ble, all system s
h ave th e sam e en ergy an d each system is in d ividually isolated . Perform in g
sim ulat ion s in eith er en sem ble (depen din g on th e type of experim en t) al-
lows to pass from th e poten t ial en ergy su rface to th e Gibbs en ergy su rface.
It is n ot su rprisin g th at en tropy p lays a d ifferen t role for d ifferen t types of
m olecu lar clusters an d , th us, th e poten t ial en ergy su rface an d Gibbs en ergy
su rface can differ. In deed , for th e m ost parts th e two surfaces are sign ifi-
can t ly d ifferen t . Very frequen t ly, th e structu re of a global m in im um at th e
poten t ial en ergy su rface d iffers from th at at th e Gibbs en ergy su rface.

Th e MD/Q tech n ique allows to sam ple th e su rface, bu t th e fin al descrip -
t ion of th e su rfaces st ron gly depen ds also on th e quality of th e poten t ial
used . Desp ite th e en orm ous progress of ab initio MD sim ulat ion s, th ey are
st ill lim ited to rath er sm all system s; th e size of DNA or RNA base pairs is
st ill un at tain able, bein g com pletely in tractable for such procedures. Th e
on ly ch an ce for elucidat ion of such large system s is th us th e use of em piri-
cal poten t ials. We m ust repeat th at th e quality of MD/Q resu lts is st ron gly
affected by th e quality of th e poten t ial an d th e use of an em pirical poten -
t ial th at does n ot correct ly describe th e structu re of a com plex leads on ly to
wron g an d th erefore m islead in g resu lts. Th us, care sh ou ld be taken in th e
ch oice of th e poten t ial, sin ce n ot every poten t ial used for sim ulat ion s of
DNA an d RNA is also su itable for descrip t ion of base pairs. We accum ulated
exten sive evid en ce th at th e Corn ell et al. p o ten t ial141 , p rep ared an d
param eterized in th e Kollm an laboratory, is well su ited for th ese purposes.
Th is eviden ce is based on com parison of st ructu res an d stabilizat ion en er-
gies of a large n um ber of DNA an d RNA base pairs evaluated by th is poten -
t ial an d by correlated n on em pirical ab initio calcu lat ion s142. Frequen t ly we
were su rprised h ow well th is poten t ial (wh ich is in fact rath er sim ple an d
does n ot con tain an y featu res of th e advan ced poten t ials of th e last gen era-
t ion , su ch as p olarizat ion term s or in clu sion of h igh er th an h arm on ic
term s) describes variou s st ru ctu ral types of n u cleic acid base pairs. Evi-
den t ly, Kollm an an d h is team were fortun ate in th e param eterizat ion of
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th is poten t ial, wh ich , due to com pen sat ion of m an y errors, describes n u-
cleic acid bases an d th eir com plexes so accurately.

Th e MD/Q calcu lat ion s were used in ten sively for study of poten t ial en er-
gies an d Gibbs en ergy su rfaces of n ucleic acid base pairs. First , in d ividual
base pairs were stud ied (u racil d im er143, th e aden in e...2,4-d ifluorotoluen e
p air144 , m eth ylu racil d im ers145 , t h e ad en in e...t h ym in e p air146 an d th e
m eth yladen in e...m eth ylth ym in e pair147), an d , later, all th e DNA base pairs
an d m eth ylated DNA base pairs were also con sidered 148.

Th e com plexity of th e problem will be dem on strated on th e case of th e
aden in e...th ym in e (n on -m eth ylated) base pairs146. MD/Q calcu lat ion s re-
vealed twen ty-seven en ergy m in im a, of wh ich n in e were H-bon ded , eigh t
T-sh aped an d ten stacked (cf. Fig. 12). Th e H-bon ded structu res were th e
m ost stable (~12 kcal/m ol), with stacked an d T-sh aped structu res foun d to
be less stable by at least 4 kcal/m ol. Th e global m in im um an d first two local
m in im a surprisin gly correspon d n eith er to Watson –Crick n or to Hoogsteen
structu ral types; th e bon din g is realized th rough N9–H an d N3 fun ct ion al
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FIG. 12
Structu res of th e aden in e...th ym in e (n on -m eth ylated) base pairs. Num bers in paren th eses refer
to em pirical an d ab initio in teract ion en ergy an d relat ive popu lat ion (in kcal/m ol an d %). Re-
produced from ref.146 with perm ission



groups of aden in e (an d n ot th rough N6 am in o group an d rin g N1 an d N7

aden in e posit ion s like in th e Watson –Crick an d Hoogsteen structu res). We
are aware of th e fact th at th ese structu res can n ot occur in n ucleic acids
sin ce th e N9 posit ion is blocked by th e at tach ed sugar rin g. Th ese resu lts
are, h owever, sign ifican t for gas-ph ase m olecu lar beam experim en ts wh ere
th e kn owledge of th e structu re of th e global m in im um (or m ost ly popu-
lated m in im um ) is of key im portan ce for in terp retat ion of m easu red IR
spectra. Th e Hoogsteen an d Watson –Crick types of com plexes represen t th e
th ird an d fourth local m in im a an d are less stable by abou t 3 kcal/m ol th an
th e global m in im um . Th e surprisin g en ergy preferen ce of th e global an d
th e first two local en ergy m in im a was con firm ed by correlated MP2 ab initio

calcu lat ion s u sin g 6-31G** an d 6-311G(2d ,p ) basis sets (st ru ctu ral types
from MD/Q calcu lat ion s were fu lly reop t im ized at th e ab initio level). For
th e sake of com parison with experim en t perform ed at n on -zero tem pera-
tu re, th e relevan t data are obtain ed from an alysis of th e Gibbs en ergy su r-
face an d n ot of th e poten t ial en ergy su rface. Th e relat ive popu lat ion of
various structu res (a quan t ity proport ion al to ∆G of base pair form at ion )
was determ in ed by MD sim ulat ion s in th e NVE m icrocan on ical en sem ble.
Alth ough th e stability order of th e global an d first two local m in im a is un -
affected by in clud in g th e en tropy con tribu t ion , th e stability order of th e re-
m ain in g structu res is altered rath er sign ifican t ly in favour of stacked an d
T-sh aped structu res. Th e sim ulat ion s fu rth er sh ow th at th e popu lat ion of
th e global m in im um is abou t 35%, m ean in g th at experim en tal gas-ph ase
stud ies are likely to detect a large n um ber of m utually coexist in g structu res.

Th e poten t ial en ergy an d Gibbs en ergy su rfaces of all ten can on ical an d
m eth ylated n ucleic acid base pairs were stud ied 148 an d th e resu lts can be
sum m arized as follows. More th an a dozen of en ergy m in im a were located
on th e PES of each base pair. Th e global an d first local m in im a of th e
n on -m eth ylated base pairs do system at ically exh ibit a p lan ar H-bon ded
structu re, wh ile T-sh aped an d stacked st ructu res are less stable. En tropy
does n ot p lay an im portan t role an d , th erefore, th e relat ive order of in d i-
vidual st ructu res on th e PES an d FES does n ot d iffer to a large exten t . How-
ever, m eth ylat ion at pu rin e N9 an d pyrim id in e N1 (posit ion s wh ere a sugar
un it is at tach ed) causes dram atic ch an ges of th e PESs an d FESs. Th e m ain
observat ion is th at th e m ost stable an d m ost popu lated H-bon ded struc-
tu res foun d for th e n on -m eth ylated pairs are elim in ated . For th e m eth yl-
ated base pairs, en tropy p lays an im portan t role an d th e structu re of th e
global m in im um does n ot usually correspon d to th e m ost popu lated struc-
tu re. Frequen t ly, it is a stacked structu re wh ich is th e m ost popu lated on e
with en tropy favourin g stackin g over H-bon din g. Calcu lat ion s reveal th at
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th e PESs an d FESs of m ost base pairs are very com plex an d are ch aracterized
by th e coexisten ce of several st ructu res, wh ich m akes assign m en t of various
experim en tal ch aracterist ics d ifficu lt .

3.3. Microhydrated Nucleic Acid Bases and Base Pairs

It is well kn own th at bu lk water d ram at ically ch an ges th e st ru ctu re,
properties an d reactivity of system s an d th is is particu larly true for n ucleic
acid base pairs. Most of th e base pairs in vacuo possess a p lan ar H-bon ded
structu re bu t after p lacin g th em in to water, th e structu re is ch an ged to th e
stacked on e. It is assum ed th at th is is due to en tropy of bu lk water (h ydro-
p h ob ic effect ). However, t h e q u est ion arises wh eth er th is is t ru e an d
wh eth er th is p ron oun ced effect is n ot just due to th e act ion of few water
m olecu les. Microh ydrat ion (addit ion of a few water m olecu les) h as becom e
popu lar am on g th eoret ician s as well as experim en talists an d th is p rocess is
un der study in m an y laboratories. Bu t even in m icroh ydrated en viron m en t
(in wh ich tem peratu re is very low), th e stat ic approach is n o lon ger ade-
quate an d dyn am ic calcu lat ion s are requ ired . Th e dyn am ic structu re of all
ten possible n ucleic acid an d m eth ylated n ucleic acid base pairs h ydrated
by a sm all n um ber of water m olecu les (from 1 to 16) was determ in ed 149 us-
in g m olecu lar dyn am ics sim ulat ion s in th e NVE m icrocan on ical en sem ble
with th e Corn ell et al. force field 141. Figu re 13 sh ows as an exam ple th e
m icroh ydrat ion for aden in e...th ym in e an d 9-m eth yladen in e...1-m eth yl-
th ym in e base pairs. Th e presen ce of on e water m olecule does n ot affect th e
structure of an y H-bon ded base pair but a h igh er n um ber (m ostly just two)
of water m olecules does. An equal population of th e H-bon ded an d stacked
structu res of aden in e...aden in e, aden in e...guan in e an d aden in e...th ym in e
pairs is reach ed if as few as two water m olecules are presen t, wh ile obtain in g
equal population of th ese structures in th e case of aden in e...cytosin e, cyto-
sin e...th ym in e, guan in e...guan in e an d guan in e...th ym in e pairs required th e
presen ce of four water m olecules, an d in th e case of guan in e...cytosin e pair
as m an y as six water m olecules. A com parable population of H-bon ded an d
stacked structures for cytosin e...cytosin e an d th ym in e...th ym in e base pairs
was on ly obtain ed if at least eigh t water m olecules h ydrated th e n ucleobase
dim er.

Meth ylat ion of bases ch an ges th e situat ion dram atically an d th e stacked
structu res were favoured over th e H-bon ded on es even in th e absen ce of
water m olecu les in th e m ajority of cases (th is is, of course, also part ially due
to th e fact th at th e h ydrogen atom m ost su itable for th e form at ion of
H-bon ds was rep laced by th e m eth yl group). Th e data supp ly eviden ce th at
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th e preferred stacked structu re of DNA base pairs in a water solu t ion m igh t
be due to th e h ydroph ilic in teract ion of a sm all n um ber of water m olecu les
an d n ot on ly due to h ydroph obic effect of bu lk water. Th e m ain con clusion
from th e study described , h owever, con cern s th e very pron oun ced role of
m icroh ydrat ion wh ich is able to dram atically ch an ge th e structu re an d th us
also p ropert ies of a clu ster stud ied . Mon o- an d d ih ydrat ion of th e ade-
n in e...th ym in e pair was in vest igated recen t ly149b usin g MD sim ulat ion s an d
correlated ab initio opt im izat ion s. Th e lat ter study fu lly con firm ed resu lts
from th e previous study149a wh ich were based on structu res op t im ized with
em pirical poten t ial.

Recen t ly, th e tau tom eric equ ilibria of n ucleic acid bases were stud ied in
th e gas p h ase, in a m icroh yd rat ed en viron m en t an d in aq u eou s so lu-
t ion 150–153. It was sh own th at bu lk water can ch an ge th e relat ive stability of
base tau tom ers sign ifican t ly, for wh ich th e tau tom erizat ion of gu an in e
serves as an excellen t exam ple151. Th e can on ical form of guan in e (th e form
wh ich exists in DNA) an d th e 7-tau tom er (h ydrogen is p laced at N7 in stead
of at N9) are th e m ost stable form s in th e gas ph ase, wh ile th e 7,9-tau tom er
(h avin g h ydrogen s both at N7 an d N9) is st ron gly destabilized (relat ive
Gibbs en ergy am ou n t s to abou t 20 kcal/ m o l). Th e Gibbs en ergy of
h ydrat ion of th is tau tom er is extrem ely h igh (abou t –31 kcal/m ol) an d as a
resu lt m akes th e relat ive Gibbs en ergy of th is tau tom er in an aqueous en vi-
ron m en t very favourable (–11 kcal/m ol). A reason for th is h uge stabiliza-
t ion is a very large d ipole m om en t of th e 7,9-tau tom er (9.1 D; can on ical
form h as a d ipole m om en t of 6.3 D). A very large d ipole m om en t sh ou ld
be, h owever, also m an ifested by th e large stabilizat ion en ergy of th is tau to-
m er with water m olecu les; with ou t water, th e bare 7,9-tau tom er is abou t
20 kcal/m ol less stable th an th e can on ical form . Th is very large en ergy dif-
feren ce is dram atically reduced upon com plexat ion with on e an d two water
m olecu les an d becom es equal to abou t 13 an d 9 kcal/m ol, respect ively. A
sin gle water or two water m olecu les were n ot able to ch an ge th e tau tom eric
equ ilibrium of isolated guan in e an d we expect th at th is is also true wh en a
h igh er n um ber of water m olecu les is added . Let us add th at sim ilar resu lts
were also obtain ed for m icroh ydrat ion of aden in e an d th ym in e. All th ese
resu lts in d icate th at m icroh ydrat ion p lays a very sign ifican t role an d m ust
be properly con sidered .

3.4. Carboxylic Acid Dim ers

Form ic acid d im ers154, acet ic acid d im ers155 an d glycin e d im ers156 were
stud ied in th e sam e way as th e above m en tion ed n ucleic acid base pairs.
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Th e overall situat ion is sim ilar in both cases an d again , th e global m in i-
m um of th e PES som etim es d iffers from th at of th e FES. Th is is, in fact , a
su rprisin g resu lt sin ce th e cyclic st ructu res of th e carboxylic acid d im ers
possessin g two stron g C=O...H–O h ydrogen bon ds (cf. Fig. 14) ran k am on g
th e m ost stable com plexes. Th e RI-MP2/TZVPP stabilizat ion en ergies of for-
m ic acid an d acet ic acid d im ers are 14.4 an d 14.7 kcal/m ol, respect ively,
wh ile th e stabilizat ion en ergy of th e cyclic st ructu re of th e glycin e d im er is
sligh t ly larger. Th e oth er st ructu res of th e first two acids are sign ifican t ly
less stable154,155. At low tem peratu res th e cyclic st ructu re of th e form ic acid
d im er rem ain s th e global m in im um . On in creasin g th e tem peratu re of th e
system , th e popu lat ion of th e oth er cyclic st ructu re (II on th e left of Fig. 14)
h avin g on e stron g C=O...H–O an d on e weak C=O...H–C h ydrogen bon d be-
com es com parable; at h igh er tem peratu res (300 K) th is st ructu re even be-
com es th e global m in im um , as en tropy con siderat ion s lead to stabilizat ion
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FIG. 14
Structu res of carboxylic acid d im ers an d m icroh ydrated carboxylic acid d im ers. Reproduced
from refs154,155 with perm ission



of th is st ructu re. Eviden t ly, en tropy disfavours th e stron g (rath er rigid) cy-
clic st ructu re with two C=O...H–O h ydrogen bon ds an d favours th e weaker,
m ore floppy cyclic st ructu re h avin g on e stron g C=O...H–O an d on e weak
C=O...H–C h ydrogen bon d . Th is th eoret ically pred icted beh aviour was fu lly
con firm ed by th e recen t experim en ts of San der et al.157 wh o m easured IR
spectra of th e form ic acid d im er in an argon m atrix (th ough it m ust be
m en tion ed th at gas-ph ase experim en ts d id n ot detect an y eviden ce of th is
st ructu re158). Wh en perform in g th eir experim en t at low tem peratu re, th e
au th o rs d et ect ed on ly th e cyclic st ru ctu re I (see Fig. 14) with two
C=O...H–O h ydrogen bon ds. Upon in creasin g th e tem peratu re, th e popu la-
t ion of th e secon d cyclic d im er II (see Fig. 14) h avin g on e stron g C=O...H–O
an d on e weak C=O...H–C H-bon d becom es dom in an t . Surprisin gly, experi-
m en ts usin g h elium drop lets159 con firm ed on ly th e existen ce of th e less sta-
b le cyclic st ru ctu re. Sin ce th is can n o t be d u e to en t rop y effect s (th e
tem peratu re in He-drop lets is extrem ely low), fu rth er exp lan at ion of th is
ph en om en on is requ ired (cf. Sect ion 5.5.)

In th e case of acet ic acid d im er th e cyclic st ructu re I, with two C=O...O–H
bon ds, rem ain s th e dom in an t ly popu lated structu re even wh en th e tem per-
atu re in creases. Microh ydrat ion of th e d im er (stud ied by MD/Q m eth ods),
h owever, sh ows ch an ges in th e d im er structu re with th e addit ion of on ly a
sin gle water m oiety, resu lt in g in breakin g on e of th e O–H...O bon ds an d al-
lowin g th e water m olecu le to be in corporated in to th e st ructu re of th e
d im er (cf. Fig. 14). Th e secon d water m olecu le beh aves in a sim ilar way an d
usually breaks th e oth er O–H...O bon d , an d sim ilarly is also in corporated
in to th e structu re (cf. Fig. 14). On addit ion of fu rth er water m olecu les, d if-
feren t water-separated com plexes of th e acet ic acid d im er are form ed; th e
m ost frequen t ly appearin g com plexes correspon d to th ose in corporat in g
on e an d two water m olecu les.

Experim en ts on th e glycin e d im er perform ed in He-drop lets159 gave un -
am biguous eviden ce of th e presen ce of a free (un boun d) O–H group . Evi-
d en t ly, t h e d im er can n o t h ave an exp ected cyclic st ru ctu re with two
C=O...H–O H-bon ds (C1 structu re in Fig. 15) sin ce th e red sh ift of th e O–H
stretch in g vibrat ion in th e d im er is large. Th e on ly way of in terp ret in g th e
experim en t is to adm it th at th is cyclic st ructu re is n ot p resen t an d an oth er
d im er structu re h avin g an un boun d O–H group is dom in an t ly popu lated .
We perform ed th e MD/Q sim ulat ion s156 usin g th e Corn ell et al. poten t ial141

an d foun d several h un dreds of st ructu res, of wh ich 22 with th e lowest en -
ergy were in vest igated in detail. To our su rprise, th e em pirical poten t ial fa-
voured th e stacked structu re (S1 in Fig. 15) of th e d im er over th e cyclic C1
structu re by abou t 3 kcal/m ol. Both C1 an d S1 structu res were re-op t im ized
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at ab initio correlated level (MP2/6-31G**) for wh ich th e resu lts followed
th eir expectat ion s: Th e C1 structu re was foun d to be th e global m in im um
wh ilst th e S1 structu re was h igh er in en ergy by abou t 2 kcal/m ol. On th e
basis of our experien ce with stackin g structu res, h owever, we realized th at
th e MP2/6-31G** descrip t ion is n ot adequate (it is, on th e oth er h an d , qu ite
su fficien t for p lan ar H-bon din g). Upon in creasin g th e th eoret ical level (en -
largin g th e AO basis set an d in creasin g th e level of electron correlat ion ), we
cam e to th e con clusion th at th e stabilizat ion en ergy of both structu res is
com parable, an d from th e extrapolat ion resu lts obtain ed it m ay even be ex-
pected th at th e stacked structu re becom es m ore stable. However, th is su r-
p risin g resu lt d id n ot so lve th e exp erim en tal fin d in g sin ce th e stacked
st ru ctu re in vest igated also exh ib it s a rath er large red sh ift o f th e O–H
stretch in g frequen cies. Eviden t ly, an oth er exp lan at ion , as for th e case of ex-
perim en ts on form ic acid in He-drop lets, is requ ired (see Sect ion 5.5.).
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FIG. 15
Structu res of glycin e d im er. Reproduced from ref.156 with perm ission



3.5. Experim ental Methods for Exploring Stationary Points on the PES:

Stim ulated Em ission Pum ping

A problem associated with th e spectroscopy of m olecu lar clusters or m ole-
cu les of biological in terest in th e gas ph ase is associated with th e com plex-
ity o f th e p o ten t ial en ergy su rface. Com p lexity h ere m ean s th at th e
d ifferen t con form ers associated with stat ion ary poin ts on th e poten t ial en -
ergy su rface, i.e. th e global m in im um an d local m in im a with com parable
en ergy, lead to several con form ers popu lated in th e superson ic jet expan -
sion . Th is problem is related to th e fold in g of polym ers an d protein s, wh ich
depen ds on th e flexibility of sites wh ose en erget ic barriers are d ictated
largely by ‘sin gle bon ds’. Molecu les with flexible side ch ain s can h ave sev-
eral low-en ergy con form ation al m in im a with n o sign ifican t en ergy barriers
between th em . From th e experim en tal viewpoin t a d ifficu lty arises wh en
dist in gu ish in g between th ese d ifferen t con form ers. If th e en ergy barriers are
su fficien t ly h igh an d vibrat ion al spectra are well resolved , th en a dist in c-
t ion can be m ade by in frared h ole-burn in g. By sim ilar reason in g, th is d is-
t in ct ion m ay also be m ad e by UV h ole-bu rn in g, fo r wh ich a reson an t
excitat ion in to an electron ically excited state, for in stan ce th e S1 state, is
used to dep lete th e popu lat ion of on e con form er (just rep lace th e IR ph o-
ton in Fig. 2 with a UV ph oton th us tran sferrin g popu lat ion from th e S0

in to th e S1). However, for m ore com plex m olecu les an d clusters, th ese sin -
gle ph oton h ole-burn in g experim en ts becom e m ore an d m ore d ifficu lt due
to th e in h eren t sign al-to-n oise lim itat ion s of sign al dep let ion experim en ts.
A recen t experim en t from th e group of Zwier h as sh own th at st im u lated
em ission pum pin g-h ole fillin g spectroscopy (SEP-HFS) can be used to deter-
m in e differen t con form ers in an elegan t way by in creasin g th eir popu la-
t ion 28a. Th is was don e for t ryp tam in e, a m olecu le for wh ich several con -
form ers exist , wh ich are stabilized by n on -covalen t intram olecu lar in terac-
t ion s. Th e m eth od is d escribed in Fig. 16. Very close to th e n ozzle of
superson ic jet expan sion , i.e. in a region with h igh collison rates, a sin gle
con form er (e.g., con form er A) is select ively excited from its zero-poin t vi-
brat ion al level to a certain vibrat ion al level usin g SEP (λ1 an d λ2). On ce th e
barrier to isom erizat ion is exceeded to form a given product (e.g., con -
form er C), th e isom erizat ion followed by collision al coolin g resu lts in an in -
crease in th e p op u lat ion of th e zero-p o in t level o f th at con form er (C)
down stream in th e expan sion . Th is ch an ge is detected , in th is case, by laser
in duced fluorescen ce (LIF), usin g a th ird pu lsed tun able UV laser (λ3). As λ2

is tun ed fu rth er towards h igh er en ergy, th e rate-lim it in g barriers to oth er
isom erizat ion path ways are overcom e, producin g gain s in th e popu lat ion in
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Fig. 16
(A) Sch em atic d iagram of th e spat ial an d tem poral arran gem en t an d (B) en ergy-level d iagram
for th e SEP-HFS (st im ulated em ission pum pin g-h ole fillin g spectroscopy) experim en t . A sin gle
con form er (e.g., con form er A) is select ively excited to a certain vibrat ion al level usin g SEP (λ1
an d λ2) from its zero-poin t vibrat ion al level. On ce th e barrier to isom erizat ion is exceeded to
form a given product (e.g., con form er C), th e isom erizat ion followed by collision al coolin g will
resu lt in an in crease in th e popu lat ion in th e zero-poin t level of con form er C down stream in
th e expan sion . Th is ch an ge is detected via LIF usin g a th ird pu lsed tun able UV laser (λ3). As
th e λ2 wavelen gth is tun ed fu rth er towards h igh er en ergy, th e rate-lim it in g barriers to oth er
isom erizat ion p ath ways are overcom e, p rod u cin g gain s in th e p op u lat ion in o th er
con form at ion al zero-poin t levels (again , after collision al coolin g). Reproduced from ref.28a

with perm ission



oth er con form at ion al zero-poin t levels (again , after collision al coolin g).
Hen ce, th is m eth od can also be used to access con form ers th at are n ot at all
popu lated in th e superson ics expan sion . Clearly, th e m eth od can also be
used with th e th ird pu lsed tun able UV laser (λ3) ion izin g th e m olecu le for
m ass-selected REMPI detect ion . Th e experim en tal t rick of SEP-HFS is to
carry ou t th e p u m p / d u m p st im u lat ed em ission early in th e su p erson ic
expan sion , m akin g it possible to recool th e isom erized products in to th eir
vibrat ion al zero-poin t levels from wh ich th ey can be in terrogated down -
stream .

4. MOST IMPORTANT TYPES OF NON-COVALENT COMPLEXES

4.1. Classification of Non-Covalent Com plexes

Non -covalen t com plexes can be classified with respect to th e dom in an t
con tribu t ion to stabilizat ion en ergy, by followin g a structu ral type, or sim -
p ly on th e basis of th eir size. Classificat ion based on th e form er criterion is
n ot un ique sin ce on ly very rarely on e part icu lar en ergy term is dom in an t .
Probably th e on ly com plexes th at fu lfil th is criterion are van der Waals
com plexes wh ere th e dom in an t at t ract ion com es from th e Lon don disper-
sion en ergy; th e on ly com p lexes th at belon g to th is class are rare gas
d im ers. Electrostat ic com plexes can be con sidered as th e oth er class, bu t
h ere also th e oth er en ergy con tribu t ion s (in duct ion an d dispersion ) con -
tribu te con siderably. Furth er, th ese com plexes m ost ly con tain h ydrogen s
an d are called H-bon ded com plexes (see Sect ion 4.3.). Th e electrostat ic term
in H-bon ded com plexes is m ost ly dom in an t bu t an im portan t featu re of
th ese com plexes is th e n on -n egligible role p layed by in duct ion an d disper-
sion con tribu t ion s. In addit ion , we m eet d ifficu lt ies with an oth er en ergy
con tribu t ion , n am ely th e ch arge-t ran sfer term . In th e pertu rbat ion th eory
classificat ion of th is en ergy con tribu t ion is m issin g bu t it is in cluded in th e
in duct ion term . Th e con cep t of ch arge tran sfer is d ifficu lt sin ce it is n ot ex-
perim en tally detectable, bu t we kn ow from experien ce th at electron den sity
is t ran sferred from on e system to an oth er an d th is t ran sfer takes p lace n ot
on ly if on e of th e subsystem s is a good electron don or an d th e oth er a good
electron accep tor. An im portan t featu re of a H-bon ded com plex is just th is
electron den sity tran sfer from th e proton accep tor to th e proton don or.

Classificat ion of H-bon ds on th e basis of st ructu re is n ot un am biguous ei-
th er an d h ere we m ost ly recogn ize on ly th e H-bon ded com plexes wh ich are
p lan ar, an d stacked structu res with vert ical (i.e. vert ical with respect to th e
m ain n odal p lan e of p lan ar π-system s) π–π in teract ion s. Dom in an t at t rac-
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t ion with stacked structu res is th e Lon don dispersion en ergy, bu t again th e
oth er en ergy term s are n ot n egligible. Th e orien tat ion of th e subsystem s in
th e stacked com plex is due to th e electrostat ic term .

Th e specificity of H-bon ded system s does n ot com e from th e n atu re of
n on -covalen t in teract ion (see Sect ion 4.2.) bu t it is associated rath er with
th eir abun dan ce in n atu re an d th eir very specific an d easily detectable spec-
t roscop ic m an ifestat ion . Besides H-bon ded com plexes an d oth er sim ilar im -
p rop er H-bon d ed com p lexes, rath er rare com p lexes with a d ih yd rogen
bon d will also be con sidered .

Classificat ion based on th e cluster size is also n ot un am biguous, bu t sm all
com plexes of d ifferen t types exh ibit som e com m on specific featu res an d it
is th us advan tageous to start a descrip t ion of d ifferen t n on -covalen t com -
p lexes with th ese system s. Let us on ly m en t ion again th at th e ben zen e
dim er with 24 atom s m akes an arbit rary borderlin e between sm all (an d m e-
d ium ) an d exten ded n on -covalen t com plexes.

4.2. Sm all and Medium Size Non-Covalent System s

Man y h un dreds of n on -covalen t (vdW) com plexes h ave been studied experi-
m en tally an d th eoret ically in th e gas ph ase of wh ich we will cite a few doz-
en s of stud ies for illu st rat ive purposes. Th e system s will be d ivided in to five
groups: Rare gas atom com plexes160, com plexes between rare gas atom s an d
sm all an d m edium -size m olecu les161, com plexes between sm all an d m e-
d ium -size species (m ost ly m olecu les)162, solvated (h ydrated) ion s163, an d
com plexes between arom atic h ydrocarbon s an d between th ose an d oth er
species164.

It was on ly abou t ten years ago160a th at th e existen ce of th e h elium dim er
was p ro ven exp erim en t ally. Th e exp erim en t al b in d in g en ergy o f ab o u t
1 m K (1 K ~ 4 cal/m ol) agrees with th e resu lt of n um erous calcu lat ion s of
th e poten t ial en ergy well dep th an d in teratom ic d istan ce based on both ab

initio160b,160c an d em pirical poten t ials160d (10.9 K an d 2.97 Å). Th e first cal-
cu lated value by Slater am oun ted to 8.9 K 160e; for a review, see ref.160f An
explicit ly correlated coup led cluster R12 calcu lat ion proves th e h igh quality
of th e CCSD values160g,160h . Ab initio poten t ials offer m ore accurate values
th an th ose based on th e best m easu rem en ts160i,160j. Tran sm ission of He an d
(He)2 th rough n an oscale sieves lead to th e determ in at ion of th e size of
(He)2

160k). Exp erim en tal work on h eliu m clu sters was reviewed 160l an d
sp ecial at ten t ion was p aid to (He)2 an d (He)3

160m . In th e cou rse of t im e,
in t eratom ic p o ten t ials fo r variou s rare gas p airs h ave been im p roved
(Ne...Ne 160n ,160o, Ar...Kr 160p) with p oten t ial p aram eters for 21 h om oge-
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n eous an d h eterogen eous rare gas pairs cu rren t ly available160q . Com plete
basis set lim its were obtain ed for h igh -level ab initio calcu lat ion s for (He)2,
(Ne)2, an d (Ar)2

160r. A crit ical su rvey of DFT stud ies on rare gas d im ers160s

also deserves at ten t ion .
An efficien t p rocedure was developed wh ich perm its rap id est im ates of

th e correlat ion en ergy in com plexes of th e RgX type (Rg = Ar, Kr; X = F, Cl,
Br)161a. Laser spectroscopy of GeAr an d discussion on related system s is
available in th e literatu re161b. CCSD(T) calcu lat ion s were carried ou t for
com plexes of Rg atom s (He th rough Xe) with th e su lfu r atom groun d state
(3P)161c. A soph ist icated poten t ial en ergy su rface h as been calcu lated for th e
He...H2 system 161d an d for Rg...Br2 (Rg = He, Ne, Ar) com plexes161e. Stud ies
in liqu id h elium n an odrop lets are very prom isin g; th is was su itably dem on -
st rated for Arn...HF com plexes161f. Accu rate in term olecu lar poten t ials are
available for th e Rg...m olecu le (e.g., Ar...HCl)161g an d Rg...ion com plexes
(e.g., Rg...CO+)161h . KrO– ph otoelectron spectra h ave been successfu lly in ter-
p reted by m ean s of n on em pirical calcu lat ion s, an d n egat ive ion ph otoelec-
t ron sp ect ra (Ar, Kr, Xe, an d N2 with O –) h ave been reco rd ed an d
in terp reted 161j. Th ree-body effects h ave been an alyzed in th e Ar2O– t rim er;
th e total th ree-body effect is given by th e in duct ion n on addit ivity161k. At-
t ract ive possibilit ies wh ich offer ph otod issociat ion of n on -covalen t com -
p lexes h ave been well illu st rated by an alysis of th e CH4...Ar system 161l.
In vest igat ion s of n on -covalen t com plexes con sist in g of two or th ree subsys-
tem s (sm all- an d m edium -size species) p rovide a bet ter un derstan d in g of
th ese com plexes an d also allow for a deeper in sigh t in to beh aviour of sub-
system s in biologically act ive supram olecu les.

Specifically, th e role of tun n ellin g in biology is st ill n ot su fficien t ly recog-
n ized . Th is process con t in ues to at t ract at ten t ion , for in stan ce for th e vibra-
t ion al d ep en d en ce of tu n n ellin g in (HF)2

162a. Th e BSSE sign ifican t ly
in fluen ces th e force con stan ts an d h arm on ic vibrat ion al frequen cies162b in
(HF)2 an d (H2O)2; th is p roblem was solved by usin g a procedure based on
th e ‘ch em ical Ham ilton ian approach ’ 162c.

Curren t ly, h owever, h igh -quality resu lts can be obtain ed by extrapola-
t ion s to th e CBS lim it . Good- or h igh -quality calcu lat ion s of parts of poten -
t ial en ergy su rfaces are available for He...ICl an d Ne...ICl 162d , H2O...H2

162e,
an d N2...HArF an d N2...HF 162f com plexes. Th e N2...HArF species exh ibits a
large blue sh ift of Ar–H stretch in g vibrat ion frequen cy of 195 cm –1. Th e m a-
trix isolat ion study allows detect ion of rotat ion aroun d th e O–O axis in th e
H2O–OH • com plex162g. Two isom ers were stu d ied in th e H2O–m eth an ol
com plex by th e d iffusion Mon te Carlo m eth od with con strain t dyn am ics;
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to obtain correct resu lts th e CH3- an d OH-rotat ion m ust n ot be frozen 162h .
A spectroscop ic an d th eoret ical an alysis of th e d im eth yl eth er...CO2 com -
p lex162i lead to th e structu re (CH3)2O...CO2. Morokum a’s version 162j of th e
QM/MM procedure was used for establish in g th e structu re of serin –H2O
com plexes162k; in th is con n ect ion th e role of th e h ydrogen bon din g on th e
con form ers of valin e162l sh ou ld also be m en tion ed . Port ion s of th e poten -
t ial en ergy su rfaces, th ree-body effects, an d m atrix stud ies (in som e in -
stan ces) were carried ou t for com plexes con sist in g of th ree m olecu les or
two m olecu les an d on e ion : (Ar–H–Ar)+ 162m , Ar2HBr 162n , HXeOH–H2O162o,
I–...(CH3CN)2

162p , (OCS)3
162r, CH4(H2O)2 an d CH4(H5O2)+ 162s, an d (H2O)3

– 162t.
Com p let e basis set ch aract erist ics were ob tain ed fo r th e H3

+ cat ion
‘solvated’ by on e th rough four H2 m olecu les162u .

Progress h as been ach ieved in th e calcu lat ion of h ydrat ion en th alp ies of
m on oatom ic cat ion s163. Besides th e lon g- an d sh ort-ran ge in teract ion s be-
tween th e ion an d water ligan d , field stabilizat ion was also taken in to con -
siderat ion . Calcu lated h ydrat ion en th alp ies for 48 cat ion s (alkali m etal,
alkalin e earth m etal, an d tran sit ion m etal ion s with valen cy ran gin g from
on e to four) con firm experim en tal values.

Stud ies of in teract ion s between p lan ar arom atic h ydrocarbon s m igh t be
con sidered as purely ‘academ ic’ research . In fact th e very opposite is t rue.
Nam ely, th is type of in teract ion p lays a fun dam en tal role in m olecu lar rec-
ogn it ion between su pram olecu lar biosystem s. Th e ben zen e d im er rep re-
sen t s a valu ab le m od el syst em . Exp erim en tal stu d ies (m olecu lar beam
elect ric reson an ce164a,164b, ro tat ion al spect rum 164c) p rovided eviden ce for
th e T-sh ap e d im er. Sop h ist icated com p u tat ion al stu d ies164d –164h lead to
th ree stat ion ary poin ts on th e (C6H6)2 poten t ial en ergy su rface: T-sh aped ,
parallel-d isp laced , an d san dwich ed , with bin d in g en ergies of between 2 an d
3 kcal/m ol. An alogous studies on th e ben zen e–n aph th alen e164i, n aph th a-
len e–n aph th alen e an d n aph th alen e–an th racen e com plexes164j were p er-
form ed, an d an at tem pt was m ade to com pen sate th e MP2 overest im at ion
of th e electron correlat ion with arom atic clusters by usin g on ly a m edium -
size basis set .

Th e en erget ics, n uclear dyn am ics, an d spectral featu res for th e an th ra-
cen e...Hen (n = 1, 2) com plexes were stud ied with com bin ed quan tum m e-
ch an ical an d em pirical poten t ial p rocedures164k. Structu re an d spectra for
com plexes between subst itu ted ben zen es an d various sm all m olecu les were
stu d ied : H2

164l, H2O an d H2S 164m , an ilin e...N2
164n , p-d iflu o ro-

ben zen e...N2
164o, an d an isole (H2O)n (n = 1, 2, 3)164p . On th e basis of an MD

stu d y164q , t h e Gibbs en ergy of com p et it ion between th e st acked an d
T-sh ap ed st ru ctu res was estab lish ed for arom at ic am in o acid s (p h en yl-
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alan in e, tyrosin e). Th e in teract ion s of ben zen e an d fu lleren e with param ag-
n et ic atom s, N, P, O, an d S were an alyzed , in clud in g evaluat ion of st ruc-
tu res an d bin d in g en ergies by th e MP2 th eory164r. Two in terest in g works on
ben zen e–an ion (O 2

–, NO –) com p lexes h ave ap p eared in th e lit era-
tu re164s,164t . Fin ally, eviden ce h as been accum ulated th at van der W aals
com plexes p lay an im portan t role in electroph ilic subst itu t ion of aren es;
th e sam e seem s to h old true in som e in stan ces of bioreact ivity.

4.3. Hydrogen Bonding and Im proper Hydrogen Bonding

Hydrogen bon din g is a subject wh ich occup ies qu ite a un ique posit ion in
th e realm of ch em istry an d it is lin ked to a story wh ich started early in th e
20th cen tu ry. Th is is n ot an appropriate p lace to at tem pt a syn th esis of all
ou r kn owledge; it seem s, h owever, appropriate to try to p ick up a few re-
cen t research ten den cies. Moreover, it is virtually im possible to give a fu ll
accoun t of h ydrogen bon din g. Th is is in d icated , for in stan ce, by Gálvez et
al.165, wh o fou n d th at th e keyword h ydrogen bon d , ju st in th e p eriod
1996–1999, is associated with abou t 16 000 works in th e Ch em ical Ab-
stracts Database.

Th e h ydrogen bon d (H-bon d) is on e of th e stron gest an d th e m ost com -
m on type of n on -covalen t bon d . It is d ifficu lt to defin e H-bon ds in term s of
all th e featu res ascribed to th em in differen t bran ch es of scien ce; m oreover,
som e older defin it ion s n ow appear ill-con ceived . Th e m ost recen t an d gen -
eral defin it ion states th at th e H-bon d describes an at t ract ive in teract ion be-
tween two species (atom s, groups, m olecu les) in a structu ral arran gem en t
wh ere a h ydrogen atom , covalen t ly boun d to a su fficien t ly electron egat ive
atom of on e species, is n on -covalen t ly boun d to a p lace with an excess of
electron s of th e oth er species.

Th e H-bon d plays a key role in ch em istry, ph ysics, an d biology an d its
con sequen ces are en orm ous. Hydrogen bon ds are respon sible for th e struc-
tu re an d p rop ert ies o f water, an essen t ial com p ou n d fo r life. Fu rth er,
H-bon ds also p lay a key role in determ in in g th e sh apes, p ropert ies an d
fun ct ion s of biom olecu les. For a su rvey, th e reader is referred to recen t ly
publish ed m on ograph s on H-bon din g: ‘Th e Weak Hydrogen Bon d’ 166 by
Desiraju an d Stein er, ‘Hydrogen Bon din g’ 167 by Sch ein er an d ‘An In troduc-
t ion to Hydrogen Bon din g’ 168 by Jeffrey. Th e term ‘h ydrogen bon d’ was
p robably first u sed by Pau lin g in h is p ap er on th e n atu re of ch em ical
bon d 8.

As m en tion ed above, th e H-bon d is a n on -covalen t bon d between electron -
deficien t h ydrogen an d a region of h igh electron den sity. Most frequen t ly,
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an H-bon d is of th e X–H...Y type, wh ere X is th e electron egat ive elem en t
an d Y is th e con tact with excess of electron s. H-bon ds with X, Y = F, O an d
N are th e m ost freq u en t an d m ost exten sively stu d ied 166–168 , t h ou gh
X–H...π h ydrogen bon ds (for X = O an d C) h ave also been observed 169–176.

Desp ite an en orm ous am oun t of literatu re ded icated to th is subject an
im portan t quest ion can st ill be raised : does an H-bon d represen t som e spe-
cial type of n on -covalen t in teract ion ? Th e an swer is un am biguous – n o.
An y type of H-bon din g is stabilized by th e sam e en ergy com pon en ts as an y
oth er n on -covalen t bon din g. Th e m ost im portan t electrostat ic con tribu t ion
is accom pan ied by in duct ion an d dispersion con tribu t ion s; th ese at t ract ive
term s are balan ced by exch an ge-repu lsion . Th ere is n oth in g special abou t
th is en ergy decom posit ion an d , from th e poin t of view of in term olecu lar
n on -covalen t bon din g, H-bon ds do n ot form a special class. However, th e
H-bon d com es with a pecu liar d irect ion ality: it is th e sh arin g of th e h ydro-
gen atom between two electron egat ive atom s (th e m ost frequen t exam ple)
th at causes th e typ ical pseudo-lin earity of th e X–H...Y arran gem en t . Fur-
th erm ore, sh arin g of a very ligh t h yd rogen atom between two elect ro-
n egat ive atom s resu lts in a rath er dram atic ch an ge of propert ies of th e X–H
covalen t bon d . Th is bon d becom es weaker upon form ation of th e H-bon d
an d th is weaken in g is th e key factor in our un derstan d in g of th e n ovel
p ropert ies of th e X–H stretch in g vibrat ion al frequen cy.

We can sum m arize th at th e ch aracterist ic featu res168 of th e X–H...Y h y-
drogen bon d are: (i) th e X–H covalen t bon d stretch es in correlat ion with
th e st ren gth o f th e H-bon d ; (ii) a sm all am ou n t o f elect ron d en sity
(0.01–0.03 e) is t ran sferred from th e proton accep tor (Y) to th e proton do-
n or m olecu le (X–H); (iii) th e ban d th at correspon ds to th e X–H stretch in g
sh ifts to lower frequen cy (red sh ift ), in creases in in ten sity an d broaden s. A
sh ift to lower frequen cies is called a red sh ift , an d is th e m ost im portan t ,
easily detectable m an ifestat ion of th e form ation of th e H-bon d . In deed , it is
th e experim en tal basis for detect ion of H-bon din g. A red sh ift represen ts a
‘fin gerprin t’ of th e H-bon din g an d a ‘n o red sh ift – n o H-bon din g’ relat ion
was u n t il very recen t ly a st at em en t o f d ogm a. Non e of th e th ree
books166–168 m en tion ed above on H-bon din g – wh ich appeared at th e very
en d of th e last cen tu ry – presen ts a sin gle p iece of eviden ce again st th is
‘ru le’.

However, read in g th e literatu re carefu lly, we foun d a few stud ies177–179

sh owin g th at th e X–H...Y arran gem en t (wh ich is at t ract ive) can be also ac-
com pan ied by an opposite geom etrical an d spectral m an ifestat ion . In stead
of elon gat ion of th e X–H bon d accom pan ied by a red sh ift of th e X–H
stretch in g vibrat ion , th e con tract ion of th is bon d an d an associated blue
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sh ift of th e respect ive stretch in g h ave also been detected . Moreover, th e in -
ten sity of X–H stretch in g vibrat ion al frequen cy decreased upon form ation
of th e X–H...Y con tact in st ron g con trast to ‘stan dard’ H-bon din g. Because
several featu res of th is n ovel bon d in g d iffer from stan d ard H-bon d in g
wh ilst oth ers are sim ilar, we called it im proper, blue-sh ift in g H-bon din g180.

Before d iscussin g th e n atu re of im proper, blue-sh ift in g H-bon d in g we
m ust elucidate th e origin of th e ‘stan dard’ H-bon din g. Th ere are two m od-
els describin g th e origin of H-bon din g: electrostat ic an d h ypercon jugat ive
ch arge-t ran sfer (CT). Th e fo rm er m od el exp lain s th e fo rm at ion of th e
H-bon d on th e groun ds of en erget ics: elon gat ion of th e X–H bon d in creases
th e d ipole m om en t of th e proton don or an d th us also th e d ipole–dipole
at t ract ion between p ro ton don or an d p ro ton accep tor. Con seq u en t ly, th e
total stabilizat ion en ergy becom es larger. Th is m odel exp lain s th e geom etri-
cal, en erget ical an d also vibrat ion al ch aracterist ics of an H-bon ded com -
p lex. Is it th us n ecessary to in clude th e con cep t of ch arge-t ran sfer? Let us
m en t ion th at th e ph en om en on of ch arge-t ran sfer in h ydrogen bon din g is
rath er vague. We can n ot detect it d irect ly an d its th eoret ical ju st ificat ion is
n ot un am biguous. Th e first clear eviden ce support in g th e CT con cep t co-
m es from Coulson 181 wh o sh owed th at with ou t allowin g for electron tran s-
fer between proton accep tor an d proton don or, on e can n ot exp lain th e
dram atic in ten sity in crease in th e X–H stretch in g vibrat ion upon form ation
of th e H-bon d . Later, th e con cep t of CT was proved by usin g th e Natu ral
Bon d Orbital (NBO) an alysis. Reed , Curt iss an d Wein h old 182 perform ed an
NBO an alysis for several typ ical H-bon ded system s, dem on strat in g ch arge
t ran sfer from th e lon e p airs o f th e p ro ton accep to rs to th e X–H σ*
an t ibon din g orbital of th e proton don ors. An in crease in electron den sity
in th e an t ibon din g orbitals resu lts in a weaken in g of th e X–H covalen t
bon d an d th is is accom p an ied by a con com itan t lowerin g of th e X–H
stretch in g frequen cy. Th e NBO an alysis is th us a very usefu l tech n ique for
th e study of th e un derlyin g prin cip les of H-bon din g. It becom es clear at
th is stage th at a realist ic p ictu re of th e H-bon din g is based on a com bin a-
t ion of both m odels; electrostat ic an d ch arge-t ran sfer approach es com ple-
m en t each oth er, an d on ly in borderlin e cases does on e approach becom e
dom in an t .

Are th ese m odels app licable also to th e im proper H-bon d? Electrostat ic
m odels give, in m an y cases, qualitat ively correct an swers an d can be used
for a descrip t ion of im proper H-bon ds. Necessary con dit ion for th e success-
fu l use of th is m odel is th e n egat ive sign of th e proton don or d ipole m o-
m en t derivat ives with respect to th e stretch in g coord in ate183; th is m ean s
th at th e d ipole m om en t in creases with con tract ion of th e X–H bon d. Such
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beh aviour is n ot typ ical sin ce in m ost cases th e con tract ion of a bon d is as-
sociated with a decrease in d ipole m om en t , bu t for som e classes of system s
(e.g. CHX3, wh ere X is h alogen ), th is con dit ion can be fu lfilled . Bu t im -
proper H-bon d h as also been detected in m an y com plexes wh ere th e proton
don or d id n ot exh ibit a n egat ive grad ien t an d in th ese cases th e electro-
stat ic m odel fails com pletely. So wh at is th is tellin g us abou t th e n atu re of
th e im proper H-bon d? First of all, th e overall ch arge-t ran sfer between pro-
ton accep to r an d p ro ton d on or is sm aller th an in th e case o f th e
H-bon din g; in th is in stan ce, th e ch arge-t ran sfer is m ost ly d irected to th e
X–H σ* an t ibon din g orbitals. In im proper H-bon din g on ly a sm all fract ion
of ch arge-t ran sfer goes to th is orbital wh ile largest port ion of CT fin ally
lan ds in th e rem ote part of th e proton don or. (On th e basis of th is d iffer-
en ce th e so-called H-in dex184 was defin ed wh ich un am biguously d iscrim i-
n ates between H-bon din g an d th e im proper H-bon din g.) However, even a
sm all in crease in electron den sity in th e X–H σ* an t ibon din g orbitals of th e
proton don or leads to sign ifican t weaken in g an d elon gat ion of th is bon d
an d n ot to th e observed con tract ion . Con tract ion of X–H bon d would re-
qu ire a decrease in electron den sity in th is an t ibon din g orbital wh ich seem s
to be im pract ical because th e an t ibon din g orbital sh ou ld be th e electron -
don at in g an d n ot electron -accep t in g orbital.

Th is un usual effect (a decrease in electron den sity in th e σ* an t ibon din g
orbitals) was foun d 185 in isom ers of th e guan in e d im er (K9K9-1, K9K7-1 an d
K7K7-1, wh ere K9 in dicates th e can on ical tau tom er an d K7 in dicates th e
tau tom er h avin g th e h ydrogen at N7 in stead at N9; cf. Fig. 17) possessin g
two N–H...O=C H-bon ds. Dim ers were op t im ized at th e HF/6-31G** level
an d vibrat ion al frequen cies were calcu lated . Am in o groups in th ese isom ers
were n ot d irect ly in volved in th e H-bon din g. Besides th e red sh ifts of th e
N1–H stretch in g vibrat ion s (support in g th e H-bon din g ch aracter of th ese
con tacts), an un expected blue sh ift of am in o N–H stretch in g vibrat ion s was
foun d , wh ich fu lly agrees with publish ed experim en tal resu lts186. Th e blue
sh ift of th e am in o group N–H stretch in g vibrat ion s in all th e guan in e d im er
structu res was clarified by th e p lan arizat ion of th e guan in e am in o group (in
th e isolated guan in e th e am in o group is st ron gly n on plan ar). Absolu te val-
ues of h arm on ic am in o N–H stretch in g frequen cies an d th eir sh ifts upon
p lan arizat ion were verified by perform in g two-d im en sion al an h arm on ic vi-
brat ion al an alyses. Th e p lan arizat ion of th e guan in e am in o group can n ot
be in terp reted on th e basis of an electrostat ic m odel an d is due to red ist ri-
bu t ion of electron den sity in subsystem s upon dim erizat ion ; th is red ist ribu -
t ion occu rred with in th e arom at ic rin g as well as at th e am in o grou p
n it rogen an d leads to th e form ation of a n ew m esom eric st ructu re. Th e
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electron den sity decrease in th e lon e electron pair of am in o n it rogen yields
reh ybrid izat ion of th e respect ive atom ic orbitals (ch an gin g th em from th e
sp 3 to th e sp 2 state) resu lt in g in p lan arizat ion of th e am in o group . Th e
oth er con sequen ce is decrease of electron den sity in th e am in o N–H σ*
an t ibon d in g orbitals. Th e (am in o) N–H....O=C con tacts can be th u s de-
scribed as im p rop er, b lu e-sh ift in g H-bon d s. An in creased am in o N–H
stretch in g frequen cy is th e fin gerprin t of th e p lan arizat ion of th e guan in e
am in o group an d is th e first spectroscop ic m an ifestat ion of th e fact th at th e
am in o group in n ucleic acid bases is n on p lan ar. Blue sh ifts of th e am in o
N–H stretch in g frequen cies occur on ly if th e am in o group is bifu rcated (cf.
Fig. 17). Th e guan in e d im er is th e first com plex wh ere on e proton accep tor
(C=O group) is sim ultan eously lin ked to two proton don ors (NH an d NH2)
by th e H-bon d an d th e im proper, blue-sh ift in g H-bon d .

Th e m ech an ism of th e im proper H-bon din g was origin ally180 exp lain ed
by th e ch arge tran sfer to th e rem ote part of th e proton don or lead in g th ere
to elon gat ion of X–Y (m ost ly C-h alogen ) bon ds, wh ich subsequen t ly causes
con tract ion of th e X–H bon d. Th e two-step m ech an ism suggested m an ifests
itself by red sh ifts of th e X–Y stretch in g frequen cies an d a blue sh ift of a
X–H stretch in g frequen cy, an d for th e d im eth yl eth er...fluoroform com plex
was in deed observed experim en tally187.
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An elegan t in terp retat ion of th e H-bon din g an d th e im proper H-bon din g,
based on app licat ion of Ben t’s ru le, was recen t ly presen ted by Alabugin an d
co-workers188. Th ese au th ors described th e role of th e two effects p resen t in
both types of H-bon ded com plexes: Th e h ypercon jugat ive (ch arge-t ran sfer)
X–H bon d weaken in g an d th e reh ybrid izat ion -p rom oted X–H bon d
stren gth en in g. Th e form er effect , described above, is well recogn ized wh ile
th e lat t er is n o t . Th e X–H st ren gth en in g is d u e to an in crease in th e
s-ch aracter of th e atom X h ybrid orbital in th e X–H bon d, wh ich occurs
upon a decrease in th e X–H...Y distan ce. A direct con sequen ce of Ben t’s ru le
is th at a decrease in effect ive electron egat ivity of h ydrogen (or an in crease
in h yd rogen n et ch arge) in an X–H bon d lead s to an in crease in th e
s-ch aracter o f th e atom X h ybrid orb it al o f th is bon d ; th e in crease in
s-ch aract er is associat ed with th e bon d con t ract ion . Sin ce th e to t al
s-ch aracter at atom X is con served , an in crease in s-ch aracter in th e X–H
bon d m ust be accom pan ied by a sim ultan eous in crease in th e p-ch aracter
(or a decrease in s-ch aracter) of oth er bon ds con n ected to th e X atom ; th e
in crease in p-ch aracter is associated with th e bon d elon gat ion . Both effects,
i.e. t h e h yp ercon ju gat ive (ch arge-t ran sfer) X–H weaken in g an d th e
(reh ybrid izat ion -p rom oted ) X–H bon d st ren gth en in g are always p resen t
with in an y type of H-bon ded com plex an d th e fin al p ictu re (elon gat ion or
con tract ion ) depen ds on th e balan ce of th ese effects. Th e th eory m en tion ed
is con sisten t with structu ral reorgan izat ion in th e rem ote part of th e m ole-
cu le suggested by us180 bu t does n ot requ ire a two-step m ech an ism .

Th e direct con sequen ce of th e presen t th eory is th e fact th at th e blue
sh ift decreases wh en goin g from sp 3- to sp 2-h ybrid ized atom s an d com -
p letely van ish es with sp-h ybrid ized atom s. Th is is, h owever, n ot com pletely
true an d even th e first com plex for wh ich th e im proper H-bon din g was th eo-
ret ically pred icted , ben zen e dim er in th e T-sh aped structu re189, belon gs to
th is fam ily. It is th us eviden t th at st ill o th er m ech an ism s m ust exist . Let us
repeat th at th e C–H bon d of th e ben zen e proton don or con tracts upon th e
form ation of th e T-sh aped structu re an d th e calcu lated blue sh ift is rath er
large. Th e m ost accurate an h arm on ic calcu lat ion s189 sh ow a sh ift of abou t
50 cm –1; p resen t ly, th is sh ift h as n ot been con firm ed experim en tally due to
th e fact th at th e spectral region wh ere th e sh ifted frequen cy is expected is
overlap p ed by oth er st ron ger sp ect ral ban d s. Th e sh ift is cu rren t ly ex-
p lain ed 189–192 by th e balan ce between d isp ersion at t ract ion an d ex-
ch an ge-repu lsion an d in th e absen ce of oth er data, th is exp lan at ion is st ill
valid . Th e m ovem en t of th e X–H bon d of th e proton don or again st a repu l-
sion wall leads to con tract ion of th e bon d an d a con com itan t blue sh ift of
its st retch in g frequen cy. Th is is th e sim plest an d th e m ost n atu ral m odel
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for im proper H-bon d in g. Sim ilarit ies an d d ifferen ces between H-bon ded
an d im p rop er H-bon d ed com p lexes were recen t ly stu d ied u sin g th e
p ertu rbat ion SAPT calcu lat ion s. In th e red -sh ift in g com p lexes, th e in du c-
t ion en ergy is m ost ly larger th an th e d ispersion en ergy wh ile, in th e case of
blue-sh ift in g com plexes, th e situat ion is opposite. Dispersion as an at t rac-
t ive force in creases th e blue sh ift in th e blue-sh ift in g com plexes as it com -
presses th e H-bon d an d , th erefore, it in creases th e Pau li repu lsion 193.

Ach ievem en ts in th e realm of th e H-bon din g were treated in a review194

dealin g m ain ly with h ydrogen bon ds in th e gas ph ase an d solu t ion . Hydro-
gen bon din g in th e solid state deserves special at ten t ion 195a. In th is review
th orough at ten t ion was paid to th e h istory of th e d iscovery of th e h ydro-
gen bon d an d to p ion eerin g m on ograph s. Featu res related to DFT calcu la-
t ion s in th e solid state are d iscussed with respect to period icity in a paper
dealin g with am m on ia an d urea195b.

Recen t p ap ers o f gen eral im p ort an ce d eal with th e d ecom p osit ion of
in teract ion en ergy in th e H-bon ded dim ers196a, with th e role of n uclear
quan tum effects on th e structu re of H-bon ded system s196b, in terp retat ion of
th e n atu re of th e h ydrogen bon d in term s of topological descrip tors (loca-
t ion of th e bon d crit ical poin t an d geom etry of th e lon e pair)196c, an d with
ch arge tran sfer in H-bon ded clusters196d .

Th e role th at th e H-bon din g p lays in m olecu lar recogn it ion 197a,197b an d
with spon tan eous self-organ izat ion 197c,197d , n ot on ly with biological sys-
tem s, is overwh elm in g. Nitrogen -, oxygen -, an d fluorin e-con tain in g com -
p ou n d s rep resen t syst em s fo r classical O–H...O , N–H...O , an d N–H...N
bon ds; sign ifican t ly weaker C–H...O, C–H...π, an d N–H...π h ave been in ves-
t igated on ly in recen t years. Valuable referen ces on th ese types of in terac-
t ion s are available in a recen t publicat ion 197c.

Hydrogen bon din g in water clusters is an evergreen 198. A quarter of cen -
tu ry elapsed before th e p ion eerin g work on H2O an d D2O clusters in th e gas
ph ase198a was com plete. Water clusters were stud ied in h ydroph obic sol-
ven t s (liq u id h eliu m d rop let s, so lid p arah yd rogen , an d CCl4) an d also
q u an tu m -ch em ically198b . Th ree-body in teract ion s in water clu sters were
stud ied , wh ich led to a n ew ab initio th ree-body poten t ial198c,198d . New wa-
ter ch ain s an d layers h ave been observed , in clu d in g (H2O)12 rin gs198e.
(H2O)20 clusters h ave attracted atten tion for years; th ere are 30 026 sym m etry-
d ist in ct ways of arran gin g twen ty water m olecu les198f. Th e presen ce of ion s
in water h as on ly a very sm all effect on th e H-bon d st ru ctu re o f liq u id
water198g. In creasin g at ten t ion h as been paid to th e water st ructu re in solid
h osts198h ,198i.
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With regard to th e role wh ich th e h ydrogen -bon ded oligom ers of HF
h ave p layed , a classic work on (HF)2, HFDF, an d (DF)2 sh ou ld be quoted 199a

t ogeth er with a work on J–J co rrelat ion s in st at e-to -st at e p h o to-
d issociat ion 199b of (HF)2.

W ith in th e fram ework of classic H-bon ds200, variou s com p lexes h ave
been stud ied , e.g., form am ide–m eth an ol200a, o ligom ers of form am ide an d
th ioform am ide200b, in dole–pyrrole200c, togeth er with th e role of H-bon din g
in Sch iff bases200d , fu ran –h ydrogen h alides (ro tat ion al spect roscopy)200e,
st ron g com plexes (e.g., H3N–HF)200f, vibrat ion al coup lin g th rough in d ivid-
ual H-bon d ch ain s200g in h elices of pen tapep t ides), an d a stron g Br–H–Br–

bon d 200h . It is p ossib le to ob tain evid en ce abou t th e st ren gth o f th e
H-bon din g from NMR isotope sh ifts200i.

It is n ow widely recogn ized an d accep ted th at correct ion for BSSE in cal-
cu lat ion s of H-bon ded system s is h igh ly desirable. Th e use of a fun ct ion
coun terpoise procedure is reason ably efficien t200j, th ough BSSE correct ion s
are un n ecessary wh en we are able to get extrapolated ∆E values for in fin ite
basis sets200k.

Th e existen ce of th e C–H...O bon d h as been felt in tu it ively sin ce th e m id-
d le of th e past cen tu ry. In 1962 a paper appeared on th e presen ce of th is
bon d in crystals201a. Sin ce th e tu rn of th e last cen tu ry, h owever, th e lack of
literatu re in th is area h as ch an ged sign ifican t ly an d th e n um ber of works
h as been in creasin g very rap id ly.

Most often th eoret ical an d experim en tal tools are used sim ultan eously.
On th e th eoret ical side, th e MP type of calcu lat ion s an d econ om ically at-
t ract ive DFT procedu res with e.g. B3LYP fun ct ion al are m ost frequen t ly
used . In frared spectroscopy an d NMR are th e m ost powerfu l tools for ch ar-
acterizin g h ydrogen bon din g201. In th is illu st rat ive set of system s, bon ds
such as C–H...O, C–H...N, C–H...F, C–H...π, O–H...π, are in cluded . Also h ere
extrapolat ion s to an in fin ite basis set were carried ou t201q , with regard to
th e form ation of acetylen e d im er (∆E) an d its isom erizat ion (∆E≠) to an
equ ivalen t form .

Durin g th e last few years th e term ‘h alogen bon din g’ h as been occurrin g
in th e literatu re again an d again 202. Th is term refers to an at t ract ive in terac-
t ion between a h alogen atom with a free electron pair of atom s in th e
n eigh bou rh ood 202a. Evid en ce h as been accu m u lat ed th at close
ch alcogen –ch alcogen con tacts are respon sible for th e form ation of tubu lar
st ructu res in solids202b. Th e X...X distan ce in n um erous in stan ces is sign ifi-
can t ly sh orter th an th e sum of van der Waals rad ii of X; th e in teract ion en -
ergy am oun ts to 0.5–2 kcal/m ol. A th eoret ical an alysis of h alogen –h alogen
in teract ion s is available202c, in wh ich th e au th ors defin e two types of in ter-
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act ion . Papers on reson an ce-assisted in tram olecu lar X...X (X = h alogen ) in -
teract ion s202d , on polyh alom eth an e–h alogen m olecu lar com plexes202e, an d
on N...Br bon din g202f in d icate th e frequen t occurren ce of such bon din g. No
doubt , th is type of in teract ion p lays an im portan t role n ot on ly in ‘crystal
en gin eerin g’ bu t also in th e form ation of various types of supram olecu lar
system s. However, we do n ot like th e ten den cy to search for a close p aral-
lelism with h ydrogen bon din g. Th e h ydrogen bon d is really a bon d sui

generis; th e oth er types of bon din g m en tion ed are obviously due to d isper-
sion (Lon don ) in teract ion s.

Wh at h as been con sidered for years as ‘n on bon ded steric repu lsion ’ be-
tween h ydrogen atom s ( e.g., in p lan ar biph en yl), con tribu tes in fact to th e
stabilizat ion of th e system by abou t 10 kcal/m ol 203a. Th e au th ors st ress th at
also an o th er typ e of H–H in teract ion exist s, t h e in t eract ion labelled
‘d ih ydrogen bon din g’ (see th e n ext paragraph ), a bon d with th e h ydride
ion in th e role of a base. Recen t ly, th e sh ortest H...H distan ce 1.95 Å was
foun d by n eu tron diffract ion in a derivat ive of D-ribofu ran ose203b. For th e
sake of com pleten ess, we n eed to add th at a rem arkably stron g, very sh ort
H–H bon d (0.095 Å) exists in th e rad ical cat ion of th e m eth an e d im er,
wh ich h as th e lin ear st ructu re203c H3C–H–H–CH3

• +.

4.4. Dihydrogen Bonding

Com plexes with th e d ih ydrogen bon d are m uch less n um erous th an th e
previous on es bu t represen t an in terest in g class of n on -covalen t com plexes.
Th e dih ydrogen bon d of th e type M–H...H–Y was origin ally foun d 204 in
m etal com plexes (M = m etal), bu t was also later detected 205 in th e H3BNH3

dim er. Th e un usually h igh boilin g poin t of th is system gave eviden ce for a
stron g in term olecu lar at t ract ion th at was fin ally sh own to be of d ih ydrogen
origin .

Th e exp lan at ion fo r th is u n con ven t ion al H-bon d is su rp risin g bu t
st raigh tforward 206: two h ydrogen s m ay on ly in teract if on e is posit ive an d
th e oth er n egat ive. Th is can be realized if on e h ydrogen is boun d to an
electroposit ive elem en t wh ilst th e oth er is boun d to a very electron egat ive
elem en t . Th e m ost com m on elem en ts th at are m ore electroposit ive th an
h ydrogen are boron , alkali m etals an d h eavy tran sit ion m etals; d ih ydrogen
bon din g was foun d for various com plexes con tain in g th ese elem en ts. Th e
h ydrogen boun d to th is elem en t becom es n egat ive wh ilst th e on e boun d to
a very electron egat ive elem en t becom es posit ive. Th us, th ere is an electro-
stat ic at t ract ion between th ese h ydrogen s. Literatu re on th is type of bon d-
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in g is growin g an d m an y com plexes with d ifferen t types of d ih ydrogen
bon d are n ow kn own to exist207.

4.5. Cooperative Hydrogen Bonding

Dan n en berg an d co-workers carried ou t several DFT/B3YP calcu lat ion s on
pep t ide m odels th at con sider th e effects of cooperat ive in teract ion s with
proxim ate H-bon ds an d local geom etry208. Th e calcu lat ion s pred ict th at co-
operat ive in teract ion s with oth er H-bon ds with in a H-bon din g ch ain can
sign ifican t ly in crease th e stren gth of th ese coup lin g. Such in creases are due
to a com bin at ion of th e presen ce of th e n eigh bourin g H-bon ds an d th e
sligh t in crease in th e C=O distan ces expected for pep t ide H-bon ds n ear th e
cen t res of H-bon d in g ch ain s. Th e resu lt s m en t ion ed can be qu est ion ed
sin ce th e BSSE was n ot con sidered .

4.6. Nucleic Acid Com ponents, Nucleic Acids, Peptides and Proteins

Th e coop erat ive con t ribu t ion to th e H-bon d fo rm at ion en ergy (i.e.,
fo rm at ion of two H-bon ds) is sim ilar in A...T an d G...C base pairs. As th e
A...T in teract ion en ergy is sm aller, th e cooperat ive in teract ion (con tribu t in g
to abou t 30% of its value) is larger by a factor of two th an th at with th e
G...C pair209. In con n ect ion with electron affin ity calcu lat ion s of th e G...C
base pair, it was sh own (DFT) th at th e un paired electron is essen t ially local-
ized on th e cytosin e m oiety210 . Tau tom eric m isp airin g an d th e W at-
son –Crick to Hoogsteen con version were an alyzed in th e A...T pair211. In a
study aim ed at in tercalat ion of carcin ogen s, a m odel in teract ion between
ben zo(a)p yren e or it s derivat ives with th e G...C base p air were in vest i-
gated 212 with con vin cin g resu lts on th e structu re of th e com plex form ed.
Th e in fluen ce of subst ituen ts (both electron egat ive an d electroposit ive) on
th e h ydrogen bon d en ergy were stud ied (MP2) in th e A...U, A...T an d G...C
W atson –Crick base p airs213 . A n ew base-p airin g m ot if (in clu d in g
im idazopyridopyrim id in e n ucleosides) can lead to form s h avin g four h y-
drogen bon ds214. Th e distan ce between th e subun its in th e u racil...aden in e
rad ical an ion is sign ifican t ly less th an in th e n eu tral paren t system 215. Th e
restricted open -sh ell Koh n –Sh am m eth od was used successfu lly216 for geo-
m etry op t im izat ion of th e six lowest en ergy tau tom ers in th e first excited
sin glet st at e; wh ile th e en o l t au tom ers rem ain n early p lan ar, th e keto
tau tom ers deviate sign ifican t ly from plan arity.

β-Hairp in pep t ides are used for probin g various aspects of con form ation al
stability. Th e en ergy stabilizat ion due to Glu -Lys salt bridges was estab-
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lish ed by MD calcu lat ion s usin g th e Corn ell et al. poten t ial217a. Adsorp t ion
of th e first water m olecu le on u n so lvated alan in e-based p ep t id es with
ad op ted secon d ary st ru ctu re was m easu red an d en th alp y an d en t rop y
ch an ges establish ed . MD sim ulat ion s sat isfactorily reproduce experim en tal
fin d in gs217b. Th e posit ive role of water m olecu les in protein –protein in ter-
act ion was proved; th is con cern s in part icu lar stabilizat ion of posit ively or
n egat ively ch arged groups in protein in terfaces218. Very recen t ly, a step for-
ward was m ade by a m ore realist ic descrip t ion of n on -covalen t in teract ion s
between protein m olecu les in an electrolyte solu t ion 219. Th e act ivat ion en -
tropy is an essen t ial com pon en t of th e drivin g force of th e gas-ph ase d isso-
ciat ion of p ro t ein s an d p ro tein –ligan d com p lexes220 . Ext rao rd in arily
tem ptin g is a com parison of st ructu re an d oth er featu res of protein –ligan d
com plexes in th e gas an d aqueous ph ases. Un fortun ately, it is n ot clear as
to wh at exten t specific in teract ion s in th e gas ph ase are preserved . How-
ever, eviden ce h as been accum ulated , th at on e of th e specific h ydrogen
bon d s in a p ro tein –o ligosacch arid e n on -covalen t com p lex rem ain s u n -
touch ed 221. A m odel was developed to describe DNA–protein com plexes in -
clu d in g asp ect s of m ech an ical m od ellin g, elect rostat ic in teract ion s an d
h yd rod yn am ics cap ab le o f d escrib in g in h om ogen eou s effect s222 . Th is
m odel is an essen t ial supp lem en t to m odels describin g DNA–protein com -
p lexes at th e atom ic level.

5. INTERPRETATION OF EXPERIMENTAL RESULTS

In t erp ret at ion of exp erim en tal d at a on n on -covalen t syst em s is n o t
st raigh tforward an d requ ires a detailed kn owledge of stud ied n on -covalen t
system s; m oreover, several add it ion al factors sh ou ld be taken in to con sider-
at ion . Th e first factor con cern s th e tem peratu re of experim en t . Th is is asso-
ciated with th e fact th at in th e world of n on -covalen t sp ecies en t rop y
always p lays an im p ortan t , som et im es even d ecisive ro le. W h en t ran s-
lat ion al, vibrat ion al an d rotat ion al tem peratu res are low, we can safely use
in form ation obtain ed from th e PES. Wh en , h owever, th e tem peratu re is
n on -zero, th en it is in evitable th at th e system will pass from th e PES to th e
Gibbs en ergy su rface (FES). Th e secon d factor is associated with th e fact
th at th e wh ole su rface sh ou ld be kn own , wh ich m ean s th at all en ergy m in -
im a sh ou ld be con sidered an d m ust be properly weigh ted . Th e experim en -
tal in form at ion on , e.g., stabilizat ion en ergy sh ou ld be th us con sidered n ot
on ly for th e m ost stable or m ost h igh ly popu lated structu re bu t also oth er
st ructu res sh ou ld be taken in to accoun t . Fin ally, th e role of en viron m en t
sh ou ld be p rop erly u n d erstood an d ad eq u ate th eo ret ical calcu lat ion s
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sh ou ld be perform ed . It is n o lon ger con sidered appropriate to perform
calcu lat ion s in th e gas p h ase an d to u se th ese resu lt s for in terp retat ion of
liqu id-ph ase experim en ts, th e fact wh ich is n ow m ore or less accep ted in
th e scien t ific com m un ity. We will sh ow, h owever, som e less frequen t ex-
am p les con cern in g th e in t erp ret at ion of exp erim en tal resu lt s from
He-drop lets experim en ts.

5.1. Phenol...Argon and Benzene Dim er in vacuo

In th e followin g sect ion we will dem on strate th e problem s in in terp ret in g
exp erim en tal data for two exten sively stu d ied n on -covalen t com p lexes,
ph en ol...Ar an d th e ben zen e dim er. A very im portan t gen eral p roblem con -
cern s th e quest ion ‘will a n on -covalen t ly boun d system assum e a p lan ar or
above-rin g structu re?’. Th is quest ion is of part icu lar im portan ce con cern in g
th e structu re an d dyn am ics of n ucleic acid base pairs (see Sect ion 4.6.). We
wan t to illu st rate th is with a very sim ple exam ple, th e ph en ol... argon com -
p lex. In con t rast to ben zen e...argon , exten sively stu d ied by REMPI an d
oth er excited state (e.g., LIF) spectroscopy223–227, large ben zen e clusters228

an d ben zen e...Arn
229,230 clusters, com plexes con tain in g ph en ol are in terest -

in g because two prin cipal ligan d bin d in g sites are available: via th e OH
group an d via in teract ion with th e arom atic π-system . Th e ph en ol...argon
co m p lex can b e exp ect ed t o sh o w t wo m ain st ru ct u ra l m o t ifs: a p lan e
h ydrogen -bon ded geom etry with th e argon bon ded to th e OH group an d
an above-rin g van der Waals-bon ded geom etry with th e argon bon ded to
th e arom atic π-system .

We in vest igated th e ph en ol...argon com plex in th e n eu tral groun d state
an d th e cat ion groun d state by ab initio m eth ods an d also stud ied it experi-
m en tally u sin g REMPI an d ZEKE sp ect roscop y231,232. Th e en erget ics ob-
tain ed are sh own in Fig. 18. Experim en tal vibrat ion al frequen cies for th e S1

state an d th e cat ion ic groun d state D0 an d calcu lated frequen cies for th e S0

an d th e D0 are su m m arized in Tab le I. Fo r th e n eu t ral clu st er, t h e
above-rin g π-boun d structu re is th e global m in im um an d th e Ar...H–O–Ph
h ydrogen -bon ded con form er does sh ow up as a very sh allow local m in i-
m um or, m ore likely, as a tran sit ion state, accord in g to th e vibrat ion al fre-
quen cy calcu lat ion at th e MP2/cc-pVDZ level of th eory (Table I). However,
for th e ion ic state, th e calcu lat ion con firm s th at th e h ydrogen -bon ded con -
form er is in deed th e global m in im um an d th e above-rin g π-boun d structu re
is a local m in im um . It sh ou ld be n oted th at ph en ol...argon is, at th e sim -
p lest level, com parable with th e con cep t of goin g from h ydrogen -bon ded
to stacked structu res in th e n ucleic acid base pairs.
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FIG. 18
Th e en erget ics for th e ph en ol...argon com plex. For th e S0 n eu tral groun d state, th e above rin g
structu re h as a substan t ially h igh er stabilizat ion en ergy th an th e h ydrogen -bon ded con form er,
bu t th e en ergy orderin g is reversed in th e cat ion . Reproduced from ref.231



Th e experim en tal study of th e ph en ol...argon system sh owed very con -
clusively th at for th e S1 ← S0 t ran sit ion , as sh own in Fig. 19, th e above-rin g
structu re is observed in th e REMPI an d MATI experim en t232,55. Th is resu lt
was con clusively obtain ed from th e sim ulat ion of th e rotat ion al ban d struc-
tu re of th e S1 ← S0 t ran sit ion 231,232,55. For th is p rocedure, wh ich h as been p i-
on eered by Sim on s an d co-workers for m olecu les of biological in terest in
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TABLE I
In term olecu lar vibrat ion al frequen cies for ph en ol...Ar calcu lated at MP2 (aug-cc-pVDZ) level.
From ref.231

In term olecu lar vibrat ion , cm –1 bx by sz

S0
Neutral groun d state

vdW bon ded isom er 25 40 48

h ydrogen -bon ded TS –5 21 35

D0
Cation ic groun d state

vdW bon ded isom er 5 37 50

h ydrogen -bon ded isom er 18 28 61

experim en tal value 14 25 66

FIG. 19
Rotat ion al con tou rs for th e p h en ol...argon S1 ← S0 t ran sit ion : (a) for th e van der W aals
above-rin g structu re, (b) for th e h ydrogen -bon ded local m in im um structu re. Reproduced from
ref.231 (im proved fit t in g com pared to ref.232)



th e gas ph ase24,25 differen t con form ers, such as in -p lan e or above-rin g, do
sh ow spectral ban ds with a rath er d ifferen t rotat ion al con tour. Th e fit t in g
procedure is carried ou t by sim ultan eously op t im izin g th e d irect ion of th e
tran sit ion m om en t an d th e two sets of rotat ion al con stan ts for th e S0 an d
th e S1. An im proved resu lt for th is fit t in g procedure, com pared with th e
on e in ref.232, is sh own in Fig. 19 231. Even with on ly part ial rotat ion al reso-
lu t ion , th e fit t in g procedure resu lts in a very sat isfactory accuracy for th e
rotat ion al con stan ts. For th e cat ion , th e ZEKE spectra obtain ed via several
d ifferen t in term ed iate vibrat ion al states of p h en ol...argon sh owed very
clearly th at th e cat ion structu re observed in th e experim en t m ust also be
th e van der Waals above-rin g structu re55,232.

In con t rast , fo r p h en o l...argon 2 a m ost su rp risin g resu lt h as been
obtain ed recen t ly: upon ionization one of the two argon atom s m oves to the

hydrogen-bonded site45. Up on cat ion form at ion , th e barrier between th e
π-boun d an d th e h ydrogen -bon ded geom etry seem s to be very low, resu lt -
in g in a fast geom etry ch an ge. Th e ZEKE/MATI spectra of ph en ol...argon 2

reveal th is geom etry ch an ge in great detail233,234.

5.2. The Benzene Dim er: A Test Case for Our Understanding

As a good test case for our un derstan d in g of th e in terp lay of electrostat ic
an d dispersion forces, we m ay con sider th e case of π–π in teract ion s in th e
ben zen e dim er.

Un like H-bon ded system s, wh ere d ipolar forces are dom in an t in decid in g
th e u lt im ate geom etry of th e com plex, th e ben zen e dipole m om en t is van -
ish in g for sym m etry reason s. Neverth eless, th e ben zen e dim er geom etry is
determ in ed by electrostat ic quadrupole–quadrupole in teract ion (th e ben -
zen e quadrupole m om en t am oun ts to 8.5 ± 1.4 DÅ)235. Bein g u lt im ately
weaker th an d ip ole–d ip ole in teract ion s, th e balan ce of th e elect rostat ic
quadrupole–quadrupole in teract ion (wh ich can be at t ract ive or repu lsive)
an d at t ract ive d ispersion in teract ion becom es m uch m ore im portan t an d ,
con sequen t ly, p resen ts a d ifficu lt ch allen ge to experim en tal an d th eoret ical
in terp retat ion in term s of st ructu re an d en erget ics determ in at ion .

In deed , in both experim en tal an d com putat ion al stud ies publish ed , vari-
ous proposals for th e expected global m in im um structu re on th e ben zen e
d im er PES exist . If, for a m om en t , we n eglect existen ce of th e ben zen e
quadrupole, th en we m ay on ly con clude th at th e d im er structu re will m ost
likely take a com p letely overlap p in g ‘san dwich ’ st ru ctu re (see Fig. 20) to
allo w fo r t h e m axim u m d isp ersive in t eract io n b et ween t h e t wo rin gs.
Experim en ts perform ed abou t 15 years ago in it ially supported th is con clu -
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sion 236 ,237 , bu t were soon con t rad ict ed by h o le-bu rn in g238 an d m icro-
wave239 stud ies. Both th ese stud ies supported a T-sh aped (see Fig. 20) global
m in im u m st ru ctu re an d , in ref.237 , sh owed evid en ce of th ree isom eric
form s.

Con siderat ion of th e quadrupole–quadrupole in teract ion is im portan t to
accou n t fo r th e observat ion of all p ossib le d im er sp ecies; th is h as been
am ply dem on strated by qualitat ive est im ates240 of th is con tribu t ion an d ,
su bseq u en t ly, by ab initio calcu lat ion s164e,241. In th e MP2 an d CCSD(T)
com putat ion al stud ies, a T-sh aped structu re was also foun d to be th e global
m in im u m in accord with exp erim en t . Sim ilar stu d ies con du cted at th e
sam e tim e sh owed th at th e Perdew–Wan g fun ct ion al describes th e ben zen e
dim er PES relat ively correct ly wh ile th e BLYP an d B3LYP fun ct ion als fail242.
Th e im portan ce of th e quadrupole m om en t for th e stabilizat ion of th e ben -
zen e dim er was already sh own in 1983 by Karlst rom et al.243

With respect to refs240,241, we m ay con clude th at wh ilst a con siderat ion of
th e quadrupole–quadrupole in teract ion is certain ly im portan t , th e failu re of
th e BLYP an d B3LYP m odels – an d th e relat ively good perform an ce of corre-
lated ab initio calcu lat ion s – suggests th at th e d ispersive con tribu t ion to
bin d in g is sign ifican t to th e exten t th at both electrostat ics an d dispersion
m ust be treated in an even -h an ded m an n er. Furth er com putat ion al stud ies
h ave exam in ed th is requ irem en t in detail. Wh ilst MP2/aug-cc-pVDZ h as
been foun d to be su fficien t for st ructu ral p red ict ion s, m uch h igh er basis
set s an d h igh ly correlated m eth ods of th e CCSD(T) typ e – th at is, th e
h igh er an gu lar m om en tum fun ct ion s, d iffuse fun ct ion s an d m eth odologies
im portan t for calcu lat in g dispersion con tribu t ion s – were requ ired for accu-
rate pred ict ion of bin d in g en ergies244–246 suggest in g th at d ispersion en ergy
is th e dom in an t en ergy con tribu t ion .
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FIG. 20
Parallel (san dwich ), T-sh aped , an d parallel d isp laced structu res of ben zen e dim er



As a fu rth er cu riosity, it m ay be n oted th at th e th ird isom er of th e d im er,
th e parallel-d isp laced structu re (see Fig. 20), is p red icted by th ese later stud-
ies to be extrem ely close in en ergy to th e T-sh aped structu re, an d m ay in
fact be th e global m in im um geom etry. Th us, we m ust fu rth er con sider th e
relat ive exch an ge-repu lsion en ergy of th e parallel-d isp laced an d T-sh aped
isom ers as well as th e relat ive quadrupole–quadrupole an d dispersion con -
tribu t ion s as a delicate balan ce of en ergy con tribu t ion s in decid in g th e true
global m in im u m . W h ilst it d oes seem clear from exp erim en t th at th e
T-sh aped structu re is th e true global m in im um , it is obvious th at th e ben -
zen e dim er, as a prototype of π–π type in teract ion s, p rovides a sen sit ive test
of cu rren t com putat ion al m odels an d will con t in ue presen t in g a ch allen ge
to com putat ion al ch em istry in th e foreseeable fu tu re.

Th e quadrupole–quadrupole in teract ion discussed in th e ben zen e dim er
p lays an im portan t role n ot on ly in n on -covalen t com plexes bu t is also im -
p ort an t fo r th e st ru ctu re o f p ro t ein s. Th e st ru ctu re o f cryst allin e
ph en ylalan in e is to a large exten t determ in ed by th e in teract ion of ben zen e
rin gs. In an in vest igat ion of th e crystal st ructu res of ph en ylalan in e, a h igh
occu rren ce of T-sh aped an d parallel-d isp laced st ru ctu res of th e ben zen e
rin gs was fou n d 247. Th e qu adru pole–qu adru pole in teract ion is at t ract ive
on ly fo r th ese two st ru ctu res; all o th er st ru ctu res sh ow rep u lsive
quadrupole–quadrupole in teract ion .

5.3. Nucleic Acid Base Pairs in vacuo

Th e structu re an d dyn am ics of n ucleic acid m olecu les are in fluen ced by a
variety of con tribu t ion s. Am on g th ose, th e in teract ion s occurrin g between
th e n ucleic acid base h eterocycles are of part icu lar im portan ce. In DNA, th e
bases are in volved in two qualitat ively d ifferen t m utual in teract ion types:
H-bon din g an d arom atic stackin g. Th e H-bon ded base pair geom etries ob-
served in crystal st ructu res of DNA fragm en ts correspon d to th e m in im a on
poten t ial en ergy su rfaces of isolated DNA base pairs. In con trast , stacked
con figu rat ion s presen t in crystals of DNA fragm en ts are rath er variable an d
in m an y cases do n ot correspon d to en erget ically op t im al stacked arran ge-
m en ts.

To stu dy th e in t rin sic in teract ion s of DNA bases experim en tally, on e
n eeds to carry ou t accurate gas ph ase experim en ts. Gas ph ase experim en ts
provide data givin g in sigh t in to th e ph ysico-ch em ical origin of H-bon din g
an d stackin g. However, experim en ts on DNA base pairs in vacuo are very
d ifficu lt to perform . At th is m om en t , we st ill h ave to rely on th e field ion -
izat ion m ass sp ect roscop y d ata p rovid ed by Yan son , Tep lit sky an d
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Sukh odub84 for wh ich th ere are problem s regard in g th eir in terp retat ion an d
th e com parison of th ese data with th eoret ical resu lts. Let us fu rth er st ress
th at th ere are st ill n o oth er reliable gas ph ase experim en ts report in g on
en erget ics of base pairin g, even th ough an y such experim en tal data wou ld
be of en orm ous value. Th e state-of-th e-art gas-ph ase experim en ts37a,186,248

from th e laboratories of de Vries an d Klein erm an n s give eviden ce on ly
abou t th e vibrat ion al spectrum of a selected n ucleic acid base pair bu t do
n ot yield d irect in form at ion on its st ructu re or stabilizat ion en ergy.

Exp erim en tal resu lt s on 9-m eth ylad en in e...1-m eth ylth ym in e an d
9-m eth ylguan in e...1-m eth ylcytosin e pairs were obtain ed from th e tem pera-
tu re depen den ce of equ ilibrium con stan ts m easu red at rath er h igh tem pera-
tu res (average tem peratu res were 323 an d 381 K for m A...m T an d m G...m C,
respect ively) an d th us correspon d to stabilizat ion en th alp ies at th ese tem -
peratu res84. After perform in g th e first correlated ab initio calcu lat ion s on
th e m A...m T an d m G...m C com plexes in th e 1990’s249,250, th e resu lt in g sta-
bilizat ion en ergies of th e Hoogsteen an d Watson –Crick structu res, respec-
t ively, were com pared with experim en tal data. Th e very good agreem en t
obtain ed between th eoret ical an d experim en tal data was claim ed as evi-
den ce of th e reliability of th e th eoret ical p rocedu re used . Th e qu est ion
arises, h owever, wh eth er th is t reatm en t was just ified . Is it correct to com -
pare th e experim en tal value on ly with th e (expected) m ost stable st ructu re?
Th e an swer is n o. Th e data84 sh ow n o eviden ce th at on ly on e structu re was
popu lated at th e experim en tal tem peratu res. It m ust be expected th at n ot
on ly th e m ost stable st ructu res of th e base pair bu t also m an y oth er st ruc-
tu res sh ou ld be in d ispen sably popu lated . In th e followin g paragraph we
will sh ow a correct p rocedure for com parison of th eoret ical data with th e
above m en tion ed experim en t251.

Plan ar H-bon ded an d stacked st ru ctu res of th e 9-m eth ylgu an in e...
1-m eth ylcytosin e an d 9-m eth yladen in e...1-m eth ylth ym in e were op t im ized
at th e RI-MP2 level usin g th e TZVPP (5s3p2d1f/3s2p1d] basis set . Th e p la-
n ar H-bon ded structu re of th e m G...m C correspon ds to th e Watson –Crick
(WC) arran gem en t , wh ile th e m A...m T possesses th e Hoogsteen (H) struc-
tu re. Stabilizat ion en ergies for all st ructu res were determ in ed as th e sum of
th e com plete basis set lim it of MP2 en ergies an d th e correlat ion (∆ECCSD(T) –
∆EMP2) correct ion term evaluated with th e 6-31G** (0.25, 0.15) basis set .
Th e com plete basis set lim it was determ in ed by a two-poin t extrapolat ion
usin g th e aug-cc-pVXZ basis sets for X = D an d T, an d T an d Q, respect ively.
Th e con vergen ce of th e MP2 in teract ion en ergy for th e stud ied com plexes
is rath er slow an d it is th us in evitable to in clude th e extrapolat ion to th e
com plete basis set lim it . Th e MP2/aug-cc-pVQZ stabilizat ion en ergies for all
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com plexes were already very close to th e com plete basis set lim it . Much
ch eaper D–T extrapolat ion provided a com plete basis set lim it wh ich is very
close (by less th an 0.7 kcal/m ol) to th e accurate T–Q term an d can be rec-
om m en ded for evaluat ion of com plete basis set lim its of m ore exten ded
com plexes (e.g. larger m otifs of DNA). Th e con vergen ce of th e (∆ECCSD(T) –
∆EMP2) term is kn own to be faster th an th at of th e MP2 or CCSD(T) correla-
t ion en ergies th em selves, an d th e 6-31G** (0.25, 0.15) basis set p rovides
reason able values for p lan ar H-bon ded as well as stacked structu res252. In -
clusion of CCSD(T) correlat ion correct ion s is in evitable for obtain in g reli-
able relat ive values between p lan ar H-bon din g an d stackin g in teract ion s;
n eglect of th ese correct ion s resu lts in large errors of 2.5–3.4 kcal/m ol (in
relat ive en ergies).

Fin al stabilizat ion en ergies (in kcal/m ol) for base pairs stud ied were very
large (m A...m T H 16.3, m A...m T stacked 13.1, m G...m C W C 28.5 an d
m G...m C stacked 18.0 kcal/m ol), m uch larger th an values previously pub-
lish ed . Th ese st ab ilizat ion en ergies sh ou ld be first co rrect ed fo r th e
zero-poin t en ergies an d th en th e tem peratu re-depen den t en th alpy term s
sh ou ld be added . Fin ally, each structu re sh ou ld be weigh ted accord in g to its
popu lat ion at experim en tal con dit ion s. On th e basis of our previous calcu -
lat ion s148 usin g MD/Q sim ulat ion s with th e Corn ell et al. em pirical poten -
t ial, stacked structu res of m G...m C an d m A...m T pairs are popu lated abou t
21 an d 81% (T = 300 an d 400 K, respect ively, close to experim en tal con di-
t ion s). It is th us eviden t th at experim en tal stabilizat ion en th alpy from ref.84

sh ou ld be com pared with th e weigh ted average of stabilizat ion en th alp ies
of all n on -n egligibly popu lated structu res rath er th an with th e en ergy of
th e m ost stable (in term s of ∆HT

0) bu t rarely presen t st ructu re (m A...m T
Hoogsteen : 4.0%, m G...m C Watson –Crick: 28.2%). Popu lat ion s (weigh t in g
factors) were taken from MD/Q resu lts148 an d previous low-level ab initio in -
t eract ion en ergies were scaled . H-bon d in g an d st ackin g en ergies were
scaled 251 by th e rat io of th e calcu lated ∆HT

0 an d th e respect ive low-level
value from ref.148, wh ile th e T-sh aped structu res were scaled by a factor
taken as th e average of th e factors foun d for H-bon din g an d stackin g. Th e
resu lt in g in teract ion en th alp ies, ∆H0

323K = –11.3 kcal/m ol (m A...m T) an d
∆H0

381K = –18.0 kcal/m ol (m G...m C), are in good agreem en t with experi-
m en t (∆H0

323K = –13.0 kcal/m ol (m A...m T) an d ∆H0
381K = –21.0 kcal/m ol

(m G...m C)). Here we would like to poin t ou t th at th e presen t th eoret ical
values are con siderably larger th an th ose publish ed previously.

On th e basis of error an alysis we expect th e presen t H-bon din g en ergies
to be close to th e true values, wh ilst stacked en ergies are st ill by abou t 10%
sm aller. Th e stackin g en ergies for th e m G...m C pair are con siderably lower

Collect . Czech. Chem. Commun. 2006, Vol. 71, No. 4, pp. 443–531

Non-Covalent Interactions 511



t h an th e resp ect ive H-bon d in g en ergies bu t th ey are larger th an th e
m A...m T H-bon d in g en ergies. Presen t st ab ilizat ion en ergies fo r th e
H-bon din g an d stackin g en ergies are th e m ost accurate an d reliable values
an d can be con sidered as n ew referen ce data. Th e con clusion abou t th e im -
portan ce of th e stackin g in teract ion can ch an ge our view on th e im por-
t an ce o f sp ecific H-bon d in g in t eract ion s an d n on -sp ecific st ackin g
in teract ion s in n atu re. Th is con cern s n ot on ly DNA, RNA an d oth er DNA
arch itectu res (like h airp in ) bu t also am in o acids an d protein s. Th e stackin g
of am in o acids in protein s is eviden t ly m uch m ore im portan t th an it h as
been previously believed an d , in deed , can form on e of th e dom in an t stabi-
lizin g con tribu t ion s.

5.3.1. Ult rafast Hydrogen Atom Tran sfer in Clu sters of Arom at ic
Molecu les In clu d in g Base Pairs

Presen t ly, on ly very few grou p s worldwide h ave been able to sh ow th at
n ucleic acid base pairs can be produced in a superson ic jet an d th at h ole
burn in g can be used to h elp d ist in gu ish th e con com itan t con form ers. So far
n o th resh old ion izat ion spectra h ave been at tem pted excep t on e experi-
m en t by Kim an d co-workers, wh o h ave recen t ly rep ort ed th e p h o to-
ion ization efficien cy spectra for aden in e via th e S1 state253. Th e ph otoch em ical
stability of DNA an d n ucleic acid base pairs h as been a subject of con siderable
discussion for som e tim e; it poses very in terestin g question s as to exactly wh y
n ature h as ch osen to m ake som e species un dergo very rapid n on -radiative pro-
cesses upon electron ic excitation to th e S1 state254–256. Lifet im es an d decay
ch an n els reported in th e literatu re are qu ite con troversial257,258, due in part
to th e curren t ly available m eth ods of study an d th e con com itan t am en -
ability of available data to various equally valid bu t con trad ictory in terp re-
tat ion s; all th at is cu rren t ly clear is th at we are dealin g with som e very
in terest in g an d im portan t dyn am ical p rocesses.

Th is quan dary can be related to th e very recen t an d very su rprisin g dis-
covery by Jouvet an d co-workers of h ydrogen atom tran sfer (in con trast to
proton tran sfer) in ph en ol...am m on ia clusters254 an d oth er system s255. Th is
h ydrogen detach m en t ch an n el seem s to be a gen eral featu re of a variety of
oth er arom atic m olecu les, in clud in g n ucleic acid base prototypes such as
in doles. It can be con tem plated th at th is d iscovery will certain ly h ave an
im portan t im pact on th e un derstan din g of th e excited state dyn am ics of bio-
logically im portan t system s. Sobolewski an d Dom cke255 (see Fig. 21) h ave
sh own th at h ydrogen detach m en t an d h ydrogen tran sfer is driven by repu l-
sive n σ* states an d th at th e cross-sect ion for h ydrogen atom detach m en t
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an d tran sfer depen ds on th e posit ion of th e con ical in tersect ion s produced
by th e in t eract ion of th e n σ* su rface with th e ππ*, πσ* an d S0 p o ten t ial
en ergy su rfaces. Tim e-reso lved stu d ies by Fu jii an d co-workers on p h e-
n ol...am m on ia clusters h ave m on itored th e h ydrogen atom tran sfer on th e
p icosecon d t im e-scale259. Such dyn am ics will be fu rth er accessible experi-
m en tally by fem tosecon d an d picosecon d ph otoelectron spectroscopy an d
picosecon d ZEKE spectroscopy.

An oth er very im portan t dyn am ic process is ch arge-t ran sfer (CT), wh ich
m ay be stud ied by t im e-resolved fem tosecon d ph otoelectron spectroscopy
(fs-TRPES). Th is m eth od , wh ich h as been p ion eered by Stolow260, allows
on e to follow th e ch arge-t ran sfer dyn am ics from an electron ically excited
doorway state α to CT state β (see Fig. 22). Th e probe laser is th en used to
project th is dyn am ics on to th e su rface of th e correspon din g cat ion , as de-
p icted in Fig. 22 for con form ers α+ an d β+. Especially for h ydrogen atom
an d proton tran sfer dyn am ics, th is p roject ion will resu lt in th e observat ion
of ph otoelectron s of d ifferen t kin et ic en ergy, associated with eith er con -
form er α+ or β+. Th e evolu t ion of th e wave packet on th e excited state su r-
face will resu lt in a t im e evolu t ion of th e tran sit ion probabilit ies to ion ic
con form ers α+ an d β+.
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5.4. Biom olecules in the Gas Phase

5.4.1. Ph otoch em ical Select ivity in Nu cleic Acid Bases

Th e ph otoch em ical stability of th e gen et ic m aterial an d th e com pon en ts of
DNA is qu ite su rprisin g con siderin g th at , in com parison to a large variety of
arom atic m olecu les, st ron g decay ch an n els are presen t . A very top ical ques-
t ion in th is con text is wh at is respon sible for th e ph otoch em ical stability: is
it a p roperty of th e n ucleic acid bases th em selves, is it th eir at tach m en t to
sugar or ph osph oric acid , or is it aided by th e h ydrogen bon ds form ed in
th e n ucleic acid base pairs? Th e n ucleic acid bases com posin g DNA exh ibit
rath er sh ort excited state lifet im es of th e order of on e p icosecon d or less. It
h as been argued th at th is rap id decay to th e electron ic groun d state serves
to protect th ese bases again st ph otoch em ical dam age because th ey do n ot
cross in to th e react ive trip let state.

In a recen t stu d y256 , 27 d ifferen t DNA base p airs were stu d ied by
h igh -resolu t ion UV spectroscopy an d correlated ab initio calcu lat ion s. Of
th ese, 24 pairs exh ibit sh arp UV spect ra an d th e rem ain in g th ree pairs
broad UV spectra. All th e th ree st ructu res were Watson –Crick on es an d
were ch aracterist ic by rap id in tern al con version th at m akes th ese p airs
u n iq u ely stable. Th is fin d in g su ggests th at , wh en con st ru ct in g p ossib le
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FIG. 22
Ch arge-t ran sfer dyn am ics from an electron ically excited doorway state α to CT state β. Th e
p robe laser is th en u sed to p ro ject th is d yn am ics on to th e su rface o f th e co rresp on d in g cat-
ion , as dep icted for con form ers α+ an d β+. Reproduced from ref.260 with perm ission



scen arios for p rebio t ic ch em ist ry, th e p h otostability of d ifferen t DNA base
p air st ru ctu res sh ou ld be con sid ered . Th e sp ecial p h o tostab ility of th e
Watson –Crick arran gem en ts could h ave m ade an im portan t con tribu tion to
th e evolu tion of th e recogn ition m ech an ism for th e tran sfer of gen etic code.

5.5. Helium Nanodroplets: Form ic Acid Dim er and Glycine Dim er

As discussed earlier, th e m ost stable st ructu re of th e form ic acid d im er is
with ou t an y doubt th e cyclic st ructu re with two stron g O–H...O h ydrogen
bon ds154. Th is st ructu re exists dom in an t ly in th e gas ph ase an d it was ex-
pected th at it m ust also predom in an t ly exist in He-drop let en viron m en t
sin ce th is ph ase was believed to be close to a gas ph ase. Th e IR spectra of
th e d im er detected in He-drop lets159 were, h owever, n ot con sisten t with th e
global m in im um but supported th e existen ce of a local m in im um , also cy-
clic in st ructu re bu t , in stead , with on e O–H...O an d on e C–H...O con tact .
We h ave sh own th at th e d im er form ed in He-drop let en viron m en t is con -
trolled by electrostat ic forces an d th e m ost stable st ructu re correspon ds to
th at with th e m ost favourable orien tat ion of d ipoles159. Th ese th eoret ical
calcu lat ion s revealed several react ion ch an n els an d th e en erget ically m ost
favou rable on e su ggests a st ru ctu re with on e O–H...O an d on e C–H...O
con tact . Eviden t ly, form at ion of a com plex in a He-drop let is govern ed by
factors oth er th an th ose prevalen t in m olecu lar beam s.

Th e situat ion for th e glycin e d im er, th e IR spectra of wh ich were also de-
tected in He-drop lets, is p robably very sim ilar. In Sect ion 3.4. we discussed
th e d isagreem en t between th eoret ical calcu lat ion s an d experim en tal fin d-
in gs156. We h ave sh own th at desp ite in creasin g th e level of calcu lat ion s, we
were n ot able to in terp ret th e experim en tal fin d in gs th at sh owed th e exis-
ten ce of a free OH group . We n ow believe th e problem is n ot caused by in -
adequate th eoret ical t reatm en t bu t it is due to th e d im er, in He-drop let
experim en ts, bein g form ed in a com pletely d ifferen t st ructu re com pared
with th at deduced from isolated m olecu le, gas-ph ase calcu lat ion s. By an al-
ogy with th e previous com plex, th e structu re of th e glycin e d im er is be-
lieved to be determ in ed by th e lon g-ran ge electrostat ic in teract ion s. Th ese
electrostat ic forces are of lon g ran ge an d h en ce th e two subsystem s are al-
ready orien ted preferen t ially accord in g to th eir d ipole (an d quadrupole m o-
m en ts) wh en separated by very large d istan ces. Th is preferen t ial orien tat ion
leads to th e form ation of a d im er with a d ifferen t en ergy m in im um struc-
tu re th an th at foun d in th e gas ph ase; a sim ilar m ech an ism of com plex for-
m at ion in th e He-drop let en viron m en t h as been previously described 261.
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6. MOLECULAR RECOGNITION AND SELF-ORGANIZATION

6.1. Recognition at the Molecular Level

Un derstan d in g biological recogn it ion on th e m olecu lar level is th e conditio

sine qua non for gain in g a deeper kn owledge of fun ct ion ality in biological
system s as well as of path s lead in g to n ew, m ore efficien t drugs. Th e speed
of developm en t in th is area is im pressive bu t st ill th ere is a lon g way to go.
Th e com bin at ion of experim en tal (calorim etry, X-ray structu ral an alysis,
NMR) an d th eoret ical tech n iques (quan tum ch em istry an d em pirical poten -
t ials, Mon te Carlo an d m olecu lar dyn am ics m eth ods) is a powerfu l tool for
in vest igat in g in teract ion s between sm all an d m edium -size m olecu les an d
protein s an d n ucleic acids. For th ese in teract ion s, it is h igh ly desirable to
d issect th e Gibbs en ergy of th e bin d in g process in to en th alp ic an d en trop ic
p art s. Moreover, t h e overall b in d in g Gibbs en ergy is d ecom p osed in to
several con tribu t ion s, n am ely h ydroph obic, n on -covalen t , an d con form -
at ion al. Both fun dam en tal m odes of n on -covalen t in teract ion between th e
drug an d DNA h ave been con sidered : in tercalat ion an d m in or groove bin d-
in g. On ly th e fo rm er is associat ed with a sign ifican t con fo rm at ion al
ch an ge. Th is work262 as well as th e review263 con tain s a valuable list of
referen ces. Th e exten sive review263 deals with several kin ds of in teract ion s
between arom atic rin gs an d an appropriate partn er, wh ich is essen t ial for
m olecu le–p ro tein in t eract ion s. Sp ecifically, in t eract ion s are con sid ered
between a proton don or (in clud in g weak proton don ors) an d a con jugated
syst em , b et ween cat io n s o f vario u s so rt s an d a co n ju gat ed syst em an d
between differen t con jugated system s (stackin g an d oth er types of in terac-
t ion ). Th e sem iem pirical PM3 m eth od was used for calcu lat ion s of en th alpy
ch an ges related to eigh t m odel system s for protein ...ligan d com plexes264.
Alth ou gh good agreem en t was fou n d between calcu lated an d observed
valu es, we are p u zzled th at th is is th e case wh en u sin g a sem iem p irical
p rocedure.

Alth ough cat ion ...con jugated system s are m ore com m on th an an alogue
in teract ion s with an ion s, an ion recogn it ion by π-acid ic rin gs m igh t be im -
portan t , an d n ot on ly in ch em istry265. In teract ion s between (fluorin ated)
1,3,5-t riazin e an d sm all an ion s were stu d ied at th e MP2 level of th eory.
Besides th e an ion ...π con tact , also h ydrogen bon din g in teract ion was con -
sidered .

A few m ore works on m olecu lar recogn it ion sh ou ld be cited h ere: DNA
recogn it ion with alt ern at ive h eterocycles (th e ben zim id azo le–im id azo le
pair)266, sequen ce select ivity of m olecu lar recogn it ion between pep t ide β
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sh eets267, in teract ion s between gases an d biom olecu les, wh ich are sim ple
m odels for studyin g m olecu lar recogn it ion 268, an d exp loitat ion of NMR
spectroscopy for th e study of protein –ligan d in teract ion s269.

6.2. Self-Assem bly

Several types of in teract ion s are in volved in self-assem bly processes: various
classes of h ydrogen (an d , e.g., h alogen ) bon din g, h ydroph obic forces, in ter-
act ion s between con jugated system s an d m etal ion tem plat ion . Th e prepa-
rat ion of drugs an d drug carriers on th e on e h an d an d n an oscale devices for
– perh aps – electron ics on th e oth er h an d are d ist in gu ish ed reason s for an
effort in th is region .

For illu st rat ion , two differen t m ech an ism s are presen ted : th e first on e is
th e form ation of lin ear supram olecu lar polym ers from N,N ′-d isubst itu ted
ureas (with subst ituen ts wh ich m ust n ot be too bu lky) d issolved in h ep-
tan e, wh ich is due to th e very stron g, bifu rcated h ydrogen bon ds between
th e urea m oiet ies270a. Th e secon d on e is th e self-associat ion of su lfon ated
p olym eric d ialkyn yld igo ld (I) with d ip h osp h an e ligan ds, wh ich leads to
m acrocyclic rin g com plexes or to [2]caten an es270b. Th is is in agreem en t
with repeated observat ion s th at gold is valuable for bu ild in g organ om etallic
n etwork polym ers. Th e ten den cy to form Au...Au type bon ds m igh t be due
to Lon don forces (an an alogy to th e ch alcogen –ch alcogen in teract ion ).

7. OUTLOOK AND CONCLUSIONS

On e of th e m ost excit in g featu res of n on -covalen t in teract ion s is th at th ey
are respon sible for th e structu re an d dyn am ics an d , con sequen t ly, also th e
fun ct ion of biological m acrom olecu les such as DNA an d protein s. Am on g
various en ergy con tribu t ion s, th e Lon don dispersion en ergy, for in stan ce,
in stackin g in teract ion s of arom atic rin gs, p lays a m uch m ore im portan t
role th an previously believed , an d frequen t ly it is even a dom in an t en ergy
term . We h ave sh own h ere, com pared with our review in 2000 6a, th at en or-
m ous advan ces h ave been ach ieved with th e developm en t of n ew th eoret i-
cal an d experim en tal m eth ods for th e study of n on -covalen t in teract ion s.
An on goin g an d big ch allen ge is th e un derstan d in g of n on -covalen t in ter-
act ion s in biom olecu les an d th eir m icrosolvated clusters in th e gas ph ase,
in clu d in g th eir u lt rafast dyn am ics. More in sigh t will develop from th e
m ore widespread app licat ion of n ew m eth ods of laser evaporat ion of m ole-
cu les of biological in terest an d th eir use in con jun ct ion with a ran ge of
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p owerfu l laser-based exp erim en tal m eth od s, bo th en ergy- as well as
t im e-resolved , togeth er with h igh -level com putat ion al tech n iques.

At th e n ewly establish ed Photon Science Institute at Th e Un iversity of Man -
ch ester, wh ich provides a resourcefu l in ter- an d m ult id iscip lin ary en viron -
m en t , an d at th e Centre for Biom olecules and Com plex Molecular System s of
th e Academ y of Scien ces of th e Czech Republic, we will con t in ue develop-
in g an d app lyin g m eth ods for th e un derstan d in g of n on -covalen t in terac-
t ion s. Th e im m en se com plexity of th is field requ ires a m ore an d m ore
cross-d iscip lin ary approach , in clusive of th e life scien ces an d m aterials sci-
en ces, for in stan ce. We are prepared for n ew an d spectacu lar n ew in sigh ts
in th e n ext five years an d we are lookin g forward to reviewin g th e field
again th en .
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