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Outline of the talk

A INTRODUCTION

ABonding/ hydrogen bondi

A Pulsed Nozzle Fourier Transform Microwave
Spectrometer.

I H,O/H,S complexes, hydrogen bond definition!

I Ar-propargyl alcohol complex, OH---Ar, Ar---C
Interations?

I Carbon bond?

I Dynamics of a bond (Faraday Discussions in
Banaglore January 2015)

A CONCLUSIONS
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My research proposal at KSU

13 November 1988

Spectroscopic investigations of Lithium Bonded
Complex FLi---NH4

Have built the pulsed nozzle Fourier transform
microwave spectrometer that | had proposed and
Investigated a large number of weakly bound
complexes.

Have published a few (computation) papers on
ithium bonding.

had written this statemer
bonding Is as unique Iin intermolecular interactions as
hydrogen Is 1 n the per i @

27 years since, | can say: Oh yes that is true.
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Bonding within a molecule

ACoulsonfiSometi mes, it se
bond between two atoms has become so
real, so tangible, so friendly, that | can
almost see it. Then | awake with a little
shock, for a chemical bond is not a real
thing. It does not exist. No one has ever
seen one. No one ever can. It is a figment
of our own I maginati o
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Van der Waals on molecules!

Adlt will be perfectly
studies | was quite convinced of the real
existence of molecules, that | never
regarded them as a fragment of
Imagination, nor even as mere centres of

force effects.o (stud

I From his Nobel address as quoted in A Ya Kipnis, B E
Yavelov, and J S Rowlinson, Van der Waals and
Molecular Science, Oxford University Press, Oxford,
1996.
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Bonding within a molecule

AHof f man: @Al think that
chemical bond is bound to be impoverishing, Push
the concept to its limits. Be aware of the different
experimental and theoretical measures out there.
Accept that at the limits a bond will be a bond by
some criteria, maybe not others. Respect chemical
tradition, relax, and instead of wringing your hands
about how terrible it is that this concept cannot be
unambiguously defined, have fun with the fuzzy
rir chness of the 1 dea. o

A Ar un &£memicafibonds are made of electrons&#
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Pentacene imaged

C

Science 28 August 2009: Vol. 325 no. 5944 pp. 1110-1114 DOI: 10.1126/science.1176210
The Chemical Structure of a Molecule Resolved by Atomic Force Microscopy
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a, AFM image of pentacene
acquired with a CO-
modified tip, note the
identification of not only
atomic positions but Ci C
and even Ci H bonds.2

b, STM image of pentacene
on Cu(111).

c, Molecular structure of
pentacene. Figures
reproduced with permission:
a,b, © 2009 AAAS.



http://www.nature.com/nchem/journal/v1/n8/full/nchem.418.html

Chemical and Engineering News
turned 90 in 2013 and the

Thanks to Prof. R. N. Zare
And Prof. B. Shakashiri
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Hydrogen bond In

Scifinder: The last few

A Every hour there is at least one paper
containing the words 60h
published somewhere and entered in
SciFinder (2005-2011) (I verified).DNA, Water,
Life! Confirmed it on 26 November 2015

A Number 1 entry among the popular words in
the title of papers (Noted from a talk by Prof.
D. Kim, Seoul National University 2" Asian
Spectroscopy Conference).

A Could there be anything left about hydrogen

bond that is not known?
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Only hydrogen bond?

Only one electron less to have

Only one electron in rare gas configuration

S orbital _ He
Half-filled valence-shell
a 4 5 B 7 8 9 10
Be B|C|N]|O | F|Ne
11 12 13 14 15 16 17 18
Mg AllSi|P|S | Cl|Ar

149 20 21 _22 23 24 25| 28 27 _23 298 30 31 32 33 34 as 38
Ca|Sc|Ti |V |Cr|IMn|Fe|Co|Ni |CulZn|Ga|Ge|As | Se| Br | Kr

a7 38| 391 40 41 42 43 44 45 48 47 48 481 50 51 52 53 54
e

Sr|Y |Zr INb[Mo| Tc|Ru|Rh|Pd |Ag|Cd | In|Sn|Sb|Te] I | X
55 56 57 72 73 74 75| 76 7T Fi:] 79 B8O 81 82 B3 84 85 84
Ba|La|Hf |Ta|W | Re|Os|Ir [Pt | AulHg| TI | Pb| Bi | Po| At | Rn

a7 88 89| 104] 105 108 107| 108] 109] 110
Ra | Ac |Ung|Unp|Unh|Uns |Uno|Une|Unn

58] 50| 60| 61| 62| 63| 64] 65 66| 67] 68 69| 70| 71
Ce| Pr|Nd|Pm|Sm|Eu |Gd | Tb | Dy|Ho | Er | Tm]|Yb | Lu

90| 91| 92| o3 o4| 05| os| or| o8| 99| 100| 101 102 103
Th|Pal| U |[Np | PulAm|Cm |Bk | Cf |Es | Fm| Md| No| Lr
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Intermolecular interactions or

Intermolecular bonds?

A Van der Waals equation is the origin.

AVan der Waals forces, Van der Waals
radius (when the atoms barely touch
anot her one Owithout O
and Van der Waals volumes were all
commonly used.

A Van der Waals interactions was the term
used to refer to all intermolecular
|l hteractl ons, unt i
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Water and hydrogen sulphide
In condensed phase

H,O at 0 AC 4 neighbours H,S at i 60 AC 12 neighbours

http://www.Isbu.ac.uk/water/hbond.html Packing of spheres from Wikipedia

Hydrogen bonding Van der Waals interaction
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What Is a hydrogen bond?

A Precise definition of a hydrogen bond was still elusive
In late 90s when | joined IPC* (IUPAC accepted our
recommendation in 2011, more later)!

A Several criteria are listed usually for X-HA AIA Y
Structural:

A Earlier X---Y distance or recently H---B bond length
IS less than the sum of their van der Waals radii.

A X-HAAAY is linear

(Microwave Spectroscopy can help in verifying both and
the results challenge both these conventional
wisdom as a criteria for H bonding)

1 S. Scheiner , Hydrogen Bonding, Oxford University Press 1997
G. Jeffrey, Introduction to hydrogen bonding, 1997
G. R. Desiraju andT. Steiner, Weak Hydrogen Bond , 1999
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What Is a hydrogen bond?

THE NAME'S BOND,

HYDROGEN BOND
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Dick Zare
Sent me

This cartoon
From the web




What Is a hydrogen bond?

Aiwat er é shows tendenci
give up hydrogen, which are nearly balanced.
T h e n afée pair of electrons on one water
molecule might be able to exert sufficient force
on a hydrogen held by a pair of electrons on
another water molecule to bind the two

e

mol ecul es togethere Suct

amounts to saying that the hydrogen nucleus
held between 2 octets constitutes a weak bondo

Latimer and Rodebush
JACS 42, 1419 (1920)

Lone pairs as hydrogen bond acceptor
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M. L. Huggins

A nlThe bydrogen bond or hydrogen bridge concept has
proved to be one of the most useful structural concepts
In modern sciences --- | therefore take pride in the fact
that | was the first to introduce the hydrogen bond
concepto

Afilt seemed reasonable to me
pairi a lonepairo as | T shadldlhavela i t
considerable attraction for a positively charged proton,
even 1 f 1t 1 s already bonded

M.L.Huggins in Angew. Chem. Int. Ed. Eng. 10,
147 (1971)

(M. L. Huggins had an M.S. Organic Chemistry Thesis
submitted to Berkeley in 1919. Not available now. Keep
all reports safely!)
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What Is a hydrogen bond?

A Hydrogen bonding started with N, F, O lone
pairs as acceptors, but the © bonded pairs as
acceptors was recognized long ago!

A S.K.K.Jatkar, IPC Faculty member in 1943 gave

a lecture in Department of Electrical Sciences,
with this title.

AHe has also published
poonding I n benzeneo I
ndian Inst. Sci. (1943) with Nagamani Shama
Rao.

A Do we really need two electrons to form a
nydrogen bond?

CH as donors p electrons also as acceptors

Current Science Meeting 28 Nov 2015
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Pimentel and McClellan (1960)

NA hydrogen bond 1| s s a
1) there Is evidence of a bond

2) there Is evidence that this bond specifically
Involves a hydrogen atom already bonded
to another at omo

There Is no restriction on hydrogen bond

donors or acceptors. Is diborane hydrogen
Bonded? Both A and B are less electronegative
than H and in all other cases of A -H, A'is more
electronegative than H
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JUPAC Definition 1997

A A form of association between an electronegative atom
and a hydrogen atom attached to a second, relatively
electronegative atom. It is best considered as an
electrostatic interaction, heightened by the small size of
hydrogen, which permits proximity of the interacting
dipoles or charges. Both electronegative atoms are
usually (but not necessarily) from the first row of the
Periodic Table, i.e. N, O or F. Hydrogen bonds may be
Intermolecular or intramolecular. With a few exceptions,
usually involving fluorine, the associated energies are less
than 201 25 kJ moli 1 (51 6 kcal moli 1).

Interestingly, there is no lower

limit specified!
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Penguin Dictionary, London

A A weak electrostatic chemical bond which
forms between covalently bonded hydrogen
atoms and a strongly electronegative atom with a
lone pair of electrons. The hydrogen bond is of
enormous importance in biochemical processes,
especiallythe N-NHAAAN bond whi ch
complex proteins to be built up. Life would be
Impossible without this type of bond.
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Nature of the forces

A Pauling: It has to be electrostatic as it can not be
chemical (covalent).

A Israelachvilli: No more than a particularly strong
type of directional dipole-dipole interaction.

A IR shift and intensity enhancement can not be
explained by &6si mple el ec

A Electrostatic, inductive, and dispersive forces,
charge-transfer/covalency, and exchange
repulsion all play varying roles depending on the
donor and acceptor (Dispersion dominated
hydrogen bonds: Wategaonkar).

AThere is no single physical force that
can be attributed to hydrogen bonding
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HF dimer vs NaF dimer
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Dipole-dipole interactions predict linear or anti-parallel,

Both observed for alkali halide dimer, Neither for HF dimer

R. Parajuli and E. Arunan, Chem. Phys. Lett. 568, 63 (2013)
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Energy criteria

1. Pauling: between 81 42 kJ mol?! (1939)
(FHF) does not fall in this limit

2. IUPAC: upper limit of 20-25 kJ molt and
no lower limit (1995).

3. Emsley, Jeffrey and Saenger and
Desiraju and Steiner:
strong 63-167 kJ mol-,

medium 17-63 kJ mol+
weak < 17 kJ mol-1.

Binding energy Is not a useful criterion an -[M/ *

is arbitrary. Is there a better criterion? (@)
Current Science Meeting 28 Nov 2015 %72




Spectroscopic criteria

A Red-shift of A-H stretching frequency and an
Increase In its intensity were observed in most
cases (some blue-shifting hydrogen bonds have
been seen, Hobza and no-shift H bond
speculated: Jemmis).

A The H in A-H is strongly de-shielded resulting in
downfield shift of the NMR peak (remains true

largely).

A Microwave spectroscopy can give us structure
but it can not directly tell us whether there is a
Ohydrogen bond?o.
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Elephant and SIX bllnd men

X---Y distance less /" 4.
than van der Waals\_Spear!
radii sum )

“: Should have red-
Ropet  Shiftin X-H

les BT jpea ) X should be highly
X-HAAAY shouP¥ be Teinear electronegative F, O, N

X-HAAAY Hydrogen bon

Can someone talk to all the six blind men
and put the pieces together and find out

what the elephant really is?
http://www.proprofs.com/quiz-

. : school/story.php?title=blind-men--elephant
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What Is In a name?

A "What's in a name? That which we call a rose by any
other name would smell as sweet."
- Romeo and Juliet (11, 11, 1-2)

A You can know the name of a bird in all the languages of
the world, but when you're finished, you'll know absolutely
nothing whatever about the bird... So let's look at the bird
and see what it's doing & that's what counts. | learned
very early the difference between knowing the name
of something and knowing something.

I Richard Feynman

A Naming things is important, an extreme:6 How t o t e
carrotfromthecati whi ch t o grate and

- Carol K. Yoon, NY Times column as quoted by P. Balaram in
Current Science Editorial 97, 465 (2009)

- Taxonomy: It is important to classify/categorize
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Pulsed Nozzle Fourier Transform
Microwave Spectrometer

FREQ SYNTHESIZER
RF OUTPUT

/

TRIGGER FROM PC

PULSE UC ERA
—O A AB Cc Dcpcp|| ©OA B ABAB C D CD CD
O OO ??OO O O O o OO0 O
2

J 3
To CRO ccco

— =
= 0=

GAS P

e —
e e

To PC (Ni-Scope)

 ToSPDT Suitch (7,7)

To SPDT Switch (7, 7')

BOOSTER PUMP
A

o chamber

Arunan, Dev and Mandal, Appl. Spectrosc. Rev. 39, 131 (2004)

— |

— -

/ f =
[_—— —H EXHAUST
/

/

A

Current Science Meeting 28 Nov 2015

21D
1 DIFFUSION PUMP ROTARY PUMP
TERMINAL




Lo
—i
o
AN
>
&
>
00)
AN
(@)
=
=
)
)
=
)
(&)
=
i
O
0p)
.
(e




Amplitude

0.25 . , : : : :

0.20 - MW Frequency = 12162.7 MHz _
£
)
= 0.15 - -
15 - g
=
7 <  o.10- -
=
10 Z)
(¢
| = 0.05 | U -
5 0.00 e ?MW”’/ S , : Pl .
0 200 400 600 800
1 requency Offset (kHZz)
0] —N m
-5
-10 -
i I i I i I i I 1
(0] 100 200 300 400 500

Time (microsecond)

J=0A 1 transition of OCS at 12162.979 MHz.
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A C,H,-HX (X = F, Cl, and OH) all have p-
hydrogen bonded structures.

Als H,S strong enough as a p -hydrogen
bond donor?

A Compare H,0O/H.S complexes.
A Where to look for C,H,-H.,S transitions?

A Microwave spectrum can give the structure
accurately!
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Theoretical calculations (MP2 level)

constant | 6-31 G*| 6-311
++G**
A 22884 | 22945

B 1967 2000

C 1858 1917
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Intensity (Arbitrary unit)

J=0A 1 spectrum of C,H,-HDS

showing D quadrupole coupling and
C,H, tunneling splittino

12 : : l , I
10 eQq = 110 kHz C6H6-HDS had 110 kHz
as well
g _ Projection of OD bond
onto the a axis is similar
26°
6 —
4 -
} Nj\f/\\
0 . , : :
100 200 300

Frequency (kHz)
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Structurally very similar

to C,H,-H,0

Binding energy Iis less
Rotational spectrum reveals
evidence for large amplitude
motions.

Referee: Please do not call it a

C—?@O Hydrogen bond!
Bridging hydrogen bonding
van der Waals (dispersion?)

Interactions

M. Goswami , P. K. Mandal , D.J. Ramdass, and E. Arunan ,
Chem. Phys. Lett. 393,22, (2004 )
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Phenylacetylene Where will H,O bind?

Phenyl ringp-cloud: could be hydrogelnond acceptor
Acetylenicp-cloud: could be hydrogeinond acceptor
AcetylenicC-H: could be hydrogebonddonor

NareshP a t w HRrUV Qosible resonance experiments
suggested that the structure is none of the above!
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Phenylacetylene-water

f @ OHAAAD e piateacten

- (- A (MHz) 2083
pd ~ -
/ /‘..@ B (MHz) 1132
‘ : L‘b ¥ -
= C (MHz) 995
¢ ©
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Phenylacetylene-water

A (MHz) 5518
B (MH2) 506
C-H A AiAt@action C (MH2) 464
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Phenylacetylene-water

A (MHz) 2678
B (MHz) 998.0
C (MHz) 729
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But, what interactions
are present in this
structure?

Microwave spectrum
does not tell us!

Atoms In Molecules
Theory does.

Experiment

M. Goswami and E. Arunan
PCCP 13, 14153 (2011)
special issue on Weak Hydrogen
Bonds, Strong Effect

Theory
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Quantum Theory of Atoms In

Molecules

A Explores the total electron density in a molecule
which leads to drawing boundaries of atoms
within a molecule. The critical points in the
electron density help in identifying which of the
atoms are directly bonded.

A X-ray diffraction provides experimental picture
(deformation density is used)

A Bader introduced the name, though electron
density topology have been used by many earlier,
Politzer, Gadre, KI el né

A Has been extensively used, abused and criticize v"‘ G
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Atoms In Molecules Theory

A conversation between three theoretical chemists (Roald Hoffman,
Sason Shaik and Henry Rzepa, Angew Chemie. Int Ed. Engl 2013)
about bonding in C,

Roald: éand got widely different res:!
people who claim there is a good way to define a bond. Of
course theyoll tell me that | sho

Sason: Better define that.

Henry: Quantum Theory of Atoms and Molecules, QTAIM, a
met hod based on the topology of t
Its uses.

Roald: | was saying that tongue-in-cheek, Henry. | am no great
fan of QTAIM T in the hundreds of QTAIM papers that crowd the
literature, | have yet to see one that makes a chemical prediction,
or suggests an experiment.

I (The same issue has an essay 06Che
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Atoms In Molecules Analysis

O H ApAnferaction

\ ¢
) -

{

CcHAAAO interacti on Two ring critical points

Electron density at BCP for O-H---pi is 0.013 a.u
at BCP for C-H---O is 0.011 a.u
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Phenyl acetS | e

& e A=2209 MHz
B=652 MHz
m C=506 MHz
A=1279 MHz
B=1176 MHz
C=782 MHZ
\F A=5374 MHz
- B=313 MHz
C=296 MHz

Rotational Spectroscopy can distinguish ' 3
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Structure of Phy8

A=1279 MHz
S Experiments  B=1176 MHz

g % C=782 MHZ

Theory A=1207 MHz
B=1134MHz
C=732 MHZ

M. Goswami and E. Arunan J. Mol.

Spectrosc. 268, 147-156 (2011)
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Methyl radical

Methyl radical with an unpaired electron can
act as a hydrogen bond acceptor with H ’S
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