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Forms of Nitrogen

Karl O. Christe et al., ACIE 1999, 38, 2004
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Scheme 1.  ESI-MS-MS fragmentation of the mass-selected unlabeled
4-pentazolylphenolate anion at low and high collision voltages.

Nitrogen

Energy

Figure 3. Activation  energy
barrier and decompaosition en-
thalpy of the pentazolate anion
calculated at the CCSD(T)/aug-
cc-pVTZ level of theory.®
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Forms of Nitrogen

Karl O. Christe et al., ACIE 1999, 38, 2004
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Forms of Nitrogen

Karl O. Christe et al., ACIE 1999, 38, 2004

The reaction of labeled HN; with N,F'AsF,~ produced a
roughly equimolar mixture of N5* with N in either the 1- or
3-position [Egs. (6). (7)].

N3
. 7 X -
JFrAsFy + H—N—N—1} N2 N2 AsFg
NyFFAsFg + H- N—N —»= /¢ « sFy  (6)
Ni Nij
< <
_ +
N3
. S -
NFFASF; + H—N=—=N=—N —»= N2 N2 AsFy (7
Il Ty + /¢ \‘ sk )
Ni N |
N <

The N;*AsF, salt is a white solid that is sparingly soluble in
anhydrous HF. It is marginally stable at 22°C and can be
stored for weeks at — 78 °C without noticeable decomposition.
It can be handled both in HF solution or as a solid and, in our
experience, has not exploded during careful normal handling
or when squashed with a stainless steel spatula at —196°C. It
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Dinitrogen

One of Nature's most inert molecules

@ Ny is 78.1% of Earth's atmosphere by volume
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Dinitrogen
One of Nature's most inert molecules

@ Ny is 78.1% of Earth's atmosphere by volume

@ The number of moles of industrially produced NH3 exceeds
that of any other commercial compound

@ Proteins on average are about 15% nitrogen by weight
@ In 1886 it was shown that N> can be "fixed" by certain
organisms in root nodules

@ Global N fixation, Haber:biological:atmospheric, 36:140:30 (in
10° tons). The mass of Earth’s atmosphere is approximately 5
x 10° million tons.
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N, Photoelectron Spectrum (PES)

304 A (40.8 eV) spectrum from J. Chem. Phys. 1975, vol. 62, 1447.

2r
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Photoelectric Effect

lonization occurs when matter interacts with light of
sufficient energy (Heinrich Hertz, 1886)
(Einstein, A. Ann. Phys. Leipzig 1905, 17, 132-148.)

e-

E,, = electron kinetic energy + electron binding energy

Photoelectron spectroscopy uses this phenomenon
to learn about the electronic structure of matter



General Overview of Spectroscopy

Spectroscopy uses interaction of electromagnetic
radiation with matter to learn something about the
matter.

If electromagnetic radiation present is in resonance with
the energy spacing between different states (electronic,
vibrational, rotational, etc) of matter, radiation will be
absorbed and transitions will occur.

The radiation that is transmitted through the sample is
measured, and spectrum can be reported as either
transmittance or absorbance of radiation.

Photoelectron spectroscopy is entirely different!



Photoelectron vs Other
Spectroscopies

Others Photoelectron
* Photon must be in * Photon just needs enough
resonance with transition energy to eject electron
energy * Measure kinetic energy of
* Measure absorbance or ejected electrons
transmittance of photons * Monochromatic photon

¢ Scan photon energies source



Why would a chemist care about
ionizations anyway?

Models for description of electronic structure are
typically based on an orbital approximation.

Tjalling C. Koopmans, "Ordering of Wave Functions and
Eigenvalues to the Individual Electrons of an Atom."
Physica 1933, 1, 104

Koopmans’ Theorem: “The negative of the energy of an
occupied orbital from a theoretical calculation is equal to
the vertical ionization energy due to the removal of an
electron from that orbital.”

T:HQ' (I.E.), =—€(8,)




lonization is still a transition
between states

Initial State: Neutral (or anion)

Final State: Atom/Molecule/Anion after an
electron is removed, plus the ejected electron

M— M+ + e-
More on this next time



Historical Timeline

First spectrophotometer: 1850s
First IR:1880s

First crystallography: 1912
First NMR: 1938

First EPR: 1944

First PES: 1957



What took so long?

Development of electron kinetic energy
analyzers with sufficient resolution to be useful.

Development of suitable sources of ionizing
radiation — vacuum UV, soft X-ray

Development of electron detectors
Development of UHV technology
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Potential Energy Surface Description of the
lonization of Dihydrogen
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Consider Dinitrogen

First ion state (X) = 22"
Second ion state (A) = 1,
Third ion state (B) = 2Z*

20 19 18 16

17 15
Ionization Energy (eV)

Ground state (X) = 'Z£*



Potential Well Description

1
Ground state (X) = 2. * | v

g
R (e)
Internuclear Distance



Nitrogen Cycle
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Nitrogen Cycle in the Oceans

Marine Nitrogen Cycler oo

i N, Fixation

oxic
anoxic
N, Fixation
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@ Thus, it is more favorable to have Ny than three N-N single
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One of Nature's most inert molecules
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Dinitrogen
One of Nature's most inert molecules

@ The Ny triple bond energy of 226 kcal/mol is nearly the
strongest bond in chemistry

o For comparison, a typical N-N single bond energy is only 38
kcal /mol.

@ Thus, it is more favorable to have Ny than three N-N single
bonds by 226-(3x38) = 112 kcal/mol!

@ In 1886 it was shown that Ny can be “fixed” by certain
organisms in root nodules

@ In 1909 Haber's catalytic synthesis of NH3 was discovered and
industrialized rapidly with Bosch
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Dinitrogen
One of Nature's most inert molecules

@ The first coordination complex with an N ligand was
reported in 1965 by Allan and Senoff
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Dinitrogen
One of Nature's most inert molecules

@ The first coordination complex with an N ligand was
reported in 1965 by Allan and Senoff

@ N> shown to be a bridging ligand by Taube in 1968

@ Binding of N» to d-block metals involves Ny acting principally
as a m-acceptor ligand
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Early Industrialized Nitrogen Fixation Processes

@ 1903 electric arc furnace process
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Early Industrialized Nitrogen Fixation Processes

@ 1903 electric arc furnace process
@ 0.5 Ny +1.25 Oy + 0.5 HbO — HNO3
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Early Industrialized Nitrogen Fixation Processes

@ 1903 electric arc furnace process
@ 0.5 Ny +1.25 Oy + 0.5 HbO — HNO3
o AHZ, = —30.3 kJ/mol

rxn
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Early Industrialized Nitrogen Fixation Processes

1903 electric arc furnace process
0.5 Ny + 1.25 O3 + 0.5 H,O — HNO3
AHZ,, = —30.3 kJ/mol

rxn

High kinetic barrier leads to requirement for immense energy
input to effect this reaction
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Early Industrialized Nitrogen Fixation Processes

1903 electric arc furnace process
0.5 Ny + 1.25 O3 + 0.5 H,O — HNO3
AHZ,, = —30.3 kJ/mol

rxn

High kinetic barrier leads to requirement for immense energy
input to effect this reaction

Otherwise, our atmosphere would be devoid of oxygen and the
world's oceans would consist of dilute aqueous nitric acid!
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Early Industrialized Nitrogen Fixation Processes

@ Frank-Caro process, Cyanamide process, very energy intensive
(1000 °C)
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@ Frank-Caro process, Cyanamide process, very energy intensive
(1000 °C)
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Early Industrialized Nitrogen Fixation Processes

@ Frank-Caro process, Cyanamide process, very energy intensive
(1000 °C)
@ No + CaCy, — CaCN, + C

o First decades of the 20th century, calcium cyanamide
dominated the market for synthetic fertilizer
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Early Industrialized Nitrogen Fixation Processes

@ Frank-Caro process, Cyanamide process, very energy intensive
(1000 °C)
@ No + CaCy, — CaCN, + C

o First decades of the 20th century, calcium cyanamide
dominated the market for synthetic fertilizer

e Odda, Norway had largest factory producing 12,000 ton/year
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Fritz Haber, sketched in 1911 by W. Luntz
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Careful Studies of the Ammonia Equilibrium

Graphic from the 1918 Nobel lecture

T Percentage of NH, at equilibrium

Drc (degr. P‘:IH:’ T —log Pf]HJ 3 4 at at at
(c) abs,) PP PNAPHE | 30atm  100atm 200 atm
200 473 0.1807 0.660 15.3 67.6 80.6 85.8
300 573 1.1543 0.070 2.18 31.8 52.1 62.8
400 673 1.8608 0.0138 0.44 10.7 25.1 36.3
500 773 2.3983 0.0040 0.129 3.62 10.4 17.6
600 873 2.8211 0.00I5I 0.049 1.43 4-47 8.25
700 973 3.1621 0.00069 0.0223 0.66 2.14 4.11
800 1,073 3.4417 0.00036 0.0117 0.35 115 2.24

900 1,173 3.6736 0.000212 0.0069 0.21 0.68 1.34
1,000 1,273 3.8679 0.000136 0.0044 0.13 0.44 0.87
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Fritz Haber's Original Reactor

Fritz Haber and

y Archiv zur Geschichte der Ma

HEm Massachusetts
I I Institute of
Technology

Nitrogen




Fritz Haber's Quest for Gold
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Master Mind: A Fritz Haber Biography

o
MASTER MIND: ...

RISE AND FALL OF FRITZ HABER, THE NOBEL
LAUREATE WHO LAUNCHED THE AGE OF
CHEMICAL WARFARE BY DANIEL CHARLES
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The Nitrogenase Enzyme
A large and complex metalloenzyme system

@ The ability to fix nitrogen is found in certain bacteria and
archaea
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The Nitrogenase Enzyme
A large and complex metalloenzyme system

@ The ability to fix nitrogen is found in certain bacteria and
archaea

@ Biological nitrogen fixation requires complex enzyme systems
and large expenditures of ATP
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The Nitrogenase Enzyme
A large and complex metalloenzyme system

@ The ability to fix nitrogen is found in certain bacteria and
archaea

@ Biological nitrogen fixation requires complex enzyme systems
and large expenditures of ATP

e Early crystallographic structure determinations of the
nitrogenase enzyme suggested the presence of 7
three-coordinate iron centers in the iron-molybdenum cofactor
(FeMo-co), thought to be the active site for N, binding and
reduction
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The Nitrogenase Enzyme
A large and complex metalloenzyme system

@ The ability to fix nitrogen is found in certain bacteria and
archaea

@ Biological nitrogen fixation requires complex enzyme systems
and large expenditures of ATP

e Early crystallographic structure determinations of the
nitrogenase enzyme suggested the presence of 7
three-coordinate iron centers in the iron-molybdenum cofactor
(FeMo-co), thought to be the active site for N, binding and
reduction

@ Recent high-resolution structures have invalidated the
three-coordinate iron hypothesis
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The Nitrogenase Enzyme
A large and complex metalloenzyme system

@ The ability to fix nitrogen is found in certain bacteria and
archaea

@ Biological nitrogen fixation requires complex enzyme systems
and large expenditures of ATP

e Early crystallographic structure determinations of the
nitrogenase enzyme suggested the presence of 7
three-coordinate iron centers in the iron-molybdenum cofactor
(FeMo-co), thought to be the active site for N, binding and
reduction

@ Recent high-resolution structures have invalidated the
three-coordinate iron hypothesis

@ Read about nitrogenase at the protein data bank molecule of
the month archive
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Current View of FeMo-co Structure

Homocitrate
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Schrock's Molybdenum Catalyst System

Department of Chemistry, Massachusetts Institute of

Technology, Cambridge, MA 02139, USA. +N, Fig. 1. Proposed intermediates in the re-

duction of dinitrogen at a [HIPTN,N]Mo

*To whom correspondence should be addressed. - Mo(Ill)  Mo(NH3) Mo(N;) 1 Mo(Il) (Mo) center through the stepwise addi-
mail: rrs@mit.edu e 1 - NH; l H'.e tion of protons and electrons.
-Pr Mo(IV)  {Mo(NH;)}* Mo-N=N-H 2 Mo(IV)
wt 6 | B
Mo(IV)  Mo-NH, {Mo=N-NH,}* 3 Mo(VI)

et lc

Mo(V)  {Mo-NH,}* Mo=N-NH, Mo(V)

i-Pr. H‘T l H*
Mo(V) Mo=NH {Mo=N-NH;}* Mo(V)
€ T H* l e
1 Mo(VI) {Mo=NH}* <— Mo=N+NH; Mo(VI)
Scheme 1. 5 4

www.sciencemag.org SCIENCE VOL 301 4 JULY 2003
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Progress of a chemical reaction

without
catalyst




Heterogeneous catalysis

dn; dn/ dn;
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Reactor
i: reactants

j: products

Steady-state reaction rate:
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Mechanism of catalytic ammonia synthesis

/z N,

N+ 3H
314
NH + 2H No =2 Noag2 2Ny
389
1129 ki/mol 0 H, P 2Hq
~960 JNH2+ H
Nad + Had@ NHad
. 21i 46 kJ/mol
i _ <l i = s sl sl = 2l S NHad + Had NH2ad
1,N,
ad ’ or° ? NHzad NHaa';lHa

3/2 H,

3/2 H, Nag + 3Haq

NH2ad + Hadﬁ NH3ad@NH3

2Haq Had

G. Ertl, Catal.Rev.Sci.Eng. 21 (1980), 201



Dinitrogen Cleavage by a Molybdenum Complex

Laplaza and Cummins, 1995

Ny
1atm N D(MoN) = 155.3(3.3) kcal/mol
N(R)Ar -35°C N
Ar(R)N—Mo_ —_— w!
N(R)Ar s N R)Ar
i~ P N A § A f AN N(rar
Mo— NEMS
N(R)Ar =
>< N l Mo[N(R)Ar]l3 N// \N(R)Ar
N——Mg’ l!l — A,(R)N\ +
NS
,\\ A NEAT AEN—yS Mo=N
e NR)Ar ArRIN® £
k Ar(R)N N(R)Ar
H Zigzag Molybdenum(VI)
Hi Transition State Terminal Nitrido
Three-Coordinate Mo - Complexes
Mo(lll) Complex Ar(H)N/ \N(NR(;?:‘V

Purple p-Dinitrogen
Complex
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Dinitrogen Hydrogenation and Cleavage by a Zirconium

Complex
Nature 427, 527-530 (05 Feb 2004), doi: 10 /nature

letters to nature

Hy

, \_H , NHs
85°C gZ’\H (10-15%)
(60%)

4

Figure 2 X-ray crystal structure of [n®-CsMesH)2Zr]a(mem®n%-Ny) (1). Molecular

structure at 30% probability ellipsoids, with hydrogen atoms omitted for clarity. Selected

bond lengths and angles: N(1)-N(): 1.377(3) A, Zr(1)-N(1): 2.118(1) A, Zr(1)-N(2):

2.131(1)A, Zr(1A-N(1): 2.119(1) A, Zr(1A-N(R): 2.131(1) A, N(1)-Zr(1)-N(2): 37.81(9)°,
N@R)-N(1)-Zr(1A): 171.57(7)°, N(Q-N(1)-2Zr(1): 71.56(7)°, Zr(1A-N(1)-Zr(1):

143.13(14)°, N(1)-NR)-Zr(1A): 70.62(7)°, N(1)-N(2)-Zr(1): 70.62(7)°, Zr(1A-N(2)}-

Zr(1): 141.25(14)°.

Figure 1 Hydrogenation and cleavage of No. ..__lachusetts
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Nitric Oxide

EEMOLECULE OF THE YEAR

Science, 1992, 258, 1862-1865.

NO News Is Good News

A startlingly simple molecule unites neuroscience, physiology, and immunology and revises
scientists’ understanding of how cells communicate and defend themselves

A decade ago, nitric oxide
(NO) was just another toxic
molecule, one of a lengthy
list of environmental pol-
Molecule lutants found in unsavory
of the Year haunts such as cigarette
smoke and smog. Destroyer

of ozone, suspected carcinogen, and precur-
sor of acid rain, this gas had a bad reputation.
But over the past 5 years, diverse lines of

NO

1 ool d i : ddenl

arp
realized they were studying the same mol-
ecule. Like a squirt of some powerful per-
fume, a puff of nitric oxide spurs different
cells into an array of different activities, from
communication to defense to regulation.
Athousand times NO. In 1992, scientists
probed the reasons behind these multiple per-
sonalities. One significant clue: the biochem-
istry of nitric oxide manufacture. Cells rely

ing out how the enzyme works.

NO cure for heartache. This year, clini-
cal applications of NO knowledge bloomed
in several directions at once, but much effort
focused on nitric oxide’s role as the body’s
own blood pressure police. In blood vessels,
NO is released by endothelial cells on the
inside of the vessel wall, migrates to nearby
muscle cells, and relaxes them. This dilates
the vessel and lowers blood pressure.
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Other Oxides of Nitrogen

@ Nitrous oxide, N»O, is known as laughing gas
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Other Oxides of Nitrogen

@ Nitrous oxide, N»O, is known as laughing gas
@ N4O isolated in 1993 as a pale yellow solid

@ NO, is a brown paramagnetic gas that dimerizes reversibly
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Other Oxides of Nitrogen

Nitrous oxide, N»O, is known as laughing gas

N4O isolated in 1993 as a pale yellow solid

NO; is a brown paramagnetic gas that dimerizes reversibly
Nitrite is the [NO2]~ anion
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Other Oxides of Nitrogen

Nitrous oxide, N»O, is known as laughing gas

N4O isolated in 1993 as a pale yellow solid

NO; is a brown paramagnetic gas that dimerizes reversibly
Nitrite is the [NO2]~ anion

Nitrate is the [NO3]~ anion
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