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~ Abstract

~ X-ray and Vibrational Spectroscopy of Manganese Complexes Relevant to the
Oxygen Evolving Complex of Photosynthesis
by

Hendrik Visser

Doctor of Philosophy in Cherhiétry
University of California, Berkeley

Professor Kenneth Sauer, Chair

Manganese model compléxes, relevant to the oxygen-evolving complex (OEC) in
photosynthesis, were studied with Mn K-edge X-ray absorption near-edge spectroscopy
(XANES), Mn Kf X-ray émission spectroscopy (XES), and vibrational spectroscopy. A
more detailed understanding was obtained of the influence of nuclearity, overall
structure, oxidation state, and ligand cﬁvironment of the Mn atoms on the spectra from -
these methods. This refined understanding is necessary for improving the ipterpretation
of spectra of the OEC.

Mn XANES an;i KpB XES were used to study a di-p-oxo and a mono-u-oxo di-
nucilearv Mn compound in the (IILII), (II,IV), and (IV,IV) oxidation states. XANES
spectra show energy shifts Iof 0.8 ; 2.2 eV for 1-electron oxidation-state changes and 0.4 -

1.8 €V for ligand-environment changes. The shifts obsérved for Mn K XES spectra

were ~0.21 eV for oxidation state-changes and only ~0.04 eV for ligand—envirbnment
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changes. This indicates that Mn KB XES is. more sensitive to the oxidation state and less
sensitive tp the ligand environment of the Mn atoms than XANES. These complimentary
methods provide information about the oxidation state and the ligand environment of Mn
atoms in model compounds and biological systems.

A versatile spectroelectrochemical apparatus Was. designed to aid the
interpretation of IR spectra of Mn compounds in different oxidation states. The design,
based on an attenuated total reflection device, permits the study of a wide spectral range:
16,700 (600 nm) — 2250 cm™ and 1900 - 250 cm™. A dat.a‘ collection protocol was
introduced to deal with electrochemically non-reversible background signals. IR spectra
of an adamantane-like tetra-nuclear Mn compound in two different oxidation states wer;a
obtained and analyzed by normal-mode analysis. Bridging Mn-O vibrational modes
were identified by isotopic exchange (**0—'"®0) in the 750 - 650 cm"_ and 520 - 460 cm™
ranges for the Mn'"", and Mn™Mn"’, species. These vibrational modes are in the same
spectral range as rﬁodes that have been observed for the OEC. Using S, symmetry for the
Mn", species and C, symmetry for the Mn™Mn"', species, stretching force constants of
2.45 mdyn/A, and 3.10 mdyn/A were extracted for the AMnm—O and Mn"-O bridging

bonds, respectively.
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“Chapter 1

Introduction 't_o the Oxygen-Evolving Complex of

Photosystem II



Chapter 1

1.1 Photosynthesis

One of the most important processes for life on earth is photosynthesis. The
conversion of light energy into chemical energy occurs in autotrophic bacteria and plants.
These organisms produce the general chemical energy supply for all other organisms

incapable of photosynthesis.1 The mechanism of photosynthesis involves a complex

interplay between many proteins and small molecules, and can be described (for green
plants, algae and cyanobacteria) with fhé general equation 1.1:

H,0+C0,—*0, +(CH,0), (e 1 i)

In green plants this process is separated into different sub-processes and
accomplished in chloroplasts. These organelles contain intricate membrane structures

called thylakoids, where two light reactions are executed by two membrane-bound
protein clusters, photosystem I (PS I) and photosystem II (PS II).> Electrons are
extracted from the unlikely electron donor, H,O, by PS II and transfered to ;51 quinone
pool (Figure 1.1), which is used to establish a H*-gradient (eq. 1.2)3 Water has the
relatively high reduction potential of 0.815 V: therefore, PS II has to absorb several
photons before water can be oxidized (sée section 1.2 fbr a fmore detailed discussion).

2H,0+4hv—22 50, + 4e + 4H+(H+ gradient) (eq. 1.2)
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3H*
ADP +P; } ATP
2NADP* + 2H*
4H* 2NADPH
= ?
Q S
2 o | * =
s g - &
X O o PS | AH+
S E & &
= g 3 Y <
| 2 | |
AO |/
2H,0 AH+
O, + 4H* Plastocyanin

3H+

Figure 1.1 A schematic representation of the thylakoid membrane showing all of the
components involved in the light reactions. Upon absorption of photons
PS II extracts electrons (indicated by red) from water and transfers these to
a quinone pool (Q). The electrons are extracted from QH, by the
cytochrome bgf complex and transfered by way of plastocyanin to PS I.
Upon absorption of photons PS 1 transfers these electrons to NADP”,
forming the reducing agent NADPH. Both light reactions are involved in
electron transfer and in the generation of a H'-gradient. This H"-gradient
is used by ATP synthase to generate ATP, a molecule that is used as a free

energy source in many biochemical reactions.
Photosystem I receives the electrons from PS II by way of the quinone pool, the
cytochrome b f complex, and plastocyanin (Figure 1.13.*¢ Upon absorption of photons
by PS I these electrons are transfered to NADPH (nicotinamide adenine dinucleotide

phosphate)’, a reducing agent, via a series of ferredoxins (eq. 1.3).

2¢” + H" + NADP* + hv —'— NADPH + (H" gradient)  (eq. 1.3)
-3 -
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Figure 11 shows that Photos_ys'te_:_m.sf_.I_and 1I,-and cytochrome bf are in.vaIIVed riot
only in the transfer of electrons from Watér .to NADPH, but alsb in the géneratioﬁ of a H'-
gradient. This H*-gradient is used by ATP synthase to generate ATP (é‘d_é’nosine
triphosphate), which is a mole’cﬁle that is used as a free energy- source té drive

unfavorable reactions in cells (eq. 1.4).8'9

ADP + P, + (H" gradient) —ATtombme__y ATp (eq.14)

The reducing agent NADPH and free energy source ATP are.used in the dark
reactions of the Calvin cycle to fix carbon dioxide into carbohydrates (eq. 1.5).1%? This
cycle generates the biomass which ultimately is the general chemical energy sui)ply for -
all other organisms incapable of photosyntheéis.

CO, +2NADPH +3ATP + 2H,0—“**2%(CH,0), +2NADP" +3ADP +3P,+ H"
' (eq. 1.5)

1.2 The oxygen-evolving complex

Photosystem II is a large (300 - 406 kDa) membrane-bound compléx_; which
contains multiple polypeptides.3 The fnajor polypeptide components of PS II are: given in
Figure 1.2. The process of oxidation of water and reduction of QQinone B (Qp) starts with
the excitation of a light-hafvesting pigment-protein 5ht¢nna coﬁiplex located periphcrally
to PS II. The energy is transferred to ngo, which contains two chlorophyll-a niblécules
that absorb at 680 nm. A charge sé'paratioh occurs upon the excitatibr_i' of P'_m,, and an
electron is transferred from Py, td phedphytin (Pheo), to quinoﬁe A'(QQ_ and to quinone

B (Qj3) consecutively. Upon reception of two -électrons and two protons (from the_'-stroma
4. _ _
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o _ ._-731de) Vthe resultrng hydroqurnone (QBH;) leaves its- bmdrng s1te The vacant qurnone srte o
s fllled wrth an oxrdrzed QB from the membrane assocrated qumone pool (see also. Frgure' ,
- .'1 1). The.oxrdrzed P680 1s reduced by th.e nearby redox actrve tyrosme res1due (Y ). The . V'
. _.tyvro.sme resrdue 1tself is .reduced by the oxygen evolvmg complex (OEC) whrchr
' __iultrmately obtarns the electrons from water.
Alt_hOugh great progres’s has.b_een made‘iinvobtaining a Ihigh—resolution crystal "
.s_t.r'_uctv'ure of .PS' II,'BV 'most of .o'ur knowledg'e".about the OEC vhas been .obtaine'd fromiX-.ray" -

14 17 18 21 .

absorptron and EPR spectroscopy

These techniques' have been used to j
: investigate .both the structure of th¢OEC _and the mechanism of water oxidation,?2-27 The )

' consenSus 1s that theOEC contains four manganese atoms, consisting of two tov three dil-

. p-dxo'Mh-Mn moieties (Mn-Mn'vdistancevz-2.7 A)'and-one mono-u—voxov lVIn'-.Mn.'.moi.ety |

' V(Mn-l\:iln diStance ~33 A).V In -addit_ion, two cojfacto'r_s',_ Ca®™ and Cl-‘,vvare requrred for -

' water oxidation. Glutamate' and aspartate’prOVi_de.most of_ the terminal'ligands .'t'o ._the

OEC, whrle one or two h1st1d1nes are also d1rectly hgated to manganese atoms.” 3 28, 29

Kok et al.30 proposed that-Water, isoxidized in 'five'sta'ges,' called S.-statesv_ (S0 -S Q,
w1th the index. 1ndrcat1ng the .n.umber of stored ox1dlzrng .e.qurvalents A-n electron' 1s -
extracted durrng each of the four hght rnduced transrtlons So—>Sl, S-S, Sz—>S3, a.nd:, -
S3—>[S ]+>SO. : Droxygen- 1s releasedrdurrng the last transrtr‘on when the S3 st’ate retums-to o

i -the So state via the hypothesrzed S4 state see also Frgure l 3 (For a good review of the '

- -OEC see Ref 31)
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e (CPa7 Y ( \CP43)

ﬂ
D2 Fe D1
? Qp Qp 3
o o
- =
Pht Pheo | © ¢
Psgo
Y{/ Yp .
(.’ “OEC o
.Mn4 Ca +|

Lumen 33

d

mbran

%: anr;wako
ONQ

Figure 1.2 Schematic of the major polypeptides that assemble PS II, and the cofactors
of the electron transfer chain (adapted from Debus’). The 28 kDa and the
two chlorophyll-containing polypeptides, CP47 and CP43, are involved in
light harvesting and transfer of the energy to the reaction center Py, The
D1 and D2 polypeptides contain the cofactors which constitute the electron
transfer chain. The cofactors are: the oxygen-evolving complex (containing
Ca’*, CI', and four manganese atoms), the tyrosine residue Y, the reaction
center P, pheophytin (Pheo), and quinones A and B (Q, & Q). The red
arrows indicate the direction of electron transfer between the cofactors. On
the lumen side there are three external polypeptides of 33, 24 and 17 kDa, *
which stabilize the OEC.

To understand the mechanism of water oxidation in more detail, it is important to
know at each stage whether the extracted electrons are coming directly from bound water,

from the Mn atoms, or from any other parts of the OEC. Both EPR and Mn K-edge X-

-6-
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32-34

ray absorption near-edge structure (XANES) have been used extensively to

investigate the involvement of the Mn atoms in water oxidation. Based on the results of
these techniques there is consensus that Mn is oxidized during the S8, and §;-S,
transitions (Figur_e 1.3). However, there is still controversy concerning the involvement
of Mn oxidatiovnv in the S,—S; transition. Roelofs et al.¥concluded that thefe i1s no Mn
oxidation in thé S,-S; t_raﬂsition, based'on the absence of a significant shift in the
XANES spectra between S, and S;, and proposed that a ligand is oxidized. However,
Ono et al.* and Tuzzolino et al.*’ concluded, based on observed shifts in their XANES

data, that Mn oxidation is involved in this transition.

M, (11111, 1V,,) )
or Mn,(Ill,IV) y
| 5, 5, Mng(llizIVy)

O, hv
N

S, Mny(llLIV,)

Sq
hv hv
. o
' S3 e

Mn,(IlL,IV5)°
or Mn,(IV )

Figure 1.3 The five S-states of the OEC during the oxidation bf water’, and possible
oxidation states of the manganese atoms during the catalytic cycle. The
state transitions from S, to S, are induced by excitation of P, and
accompanied by the release of an electron to Y,". Dioxygen is released

when the S, state relaxes spontaneously to the S, state.

-7-
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3

Recently, Messinger et al.”’ performed a modified version of the experiment done
by Roelofs et al.,*> using XANES**3* and an additional technique, Mn K X-ray
emission spectroscopy (Kf XES).*** Like XANES, KP XES is element-specific, but in

comparison to XANES it has the advantage that it is more sensitive to the oxidation state
and less sensitive to the ligand environment of the manganese atoms. On the basis of the

results from both these techniques, it was concluded that the S,—S, transition is not Mn
centered.”’ Nevertheless, some supporters of manganese oxidation in the S,—S,;

transition argue that two opposing effects, the oxidation of Mn and a structural change,

cause the lack of a shift in XANES and KB XES data. It is known that a structural
change occurs in the OEC during the S,—5S, transition, which could offset the effects

due to manganese oxidation. To resolve this issue, the influence of oxidation-state and
structural changes on XANES and KB XES spectra need to be studied with manganese .
model compbunds, where the ligand environment and oxidation state can be controlled.
These Mn compounds need to have similar étructural motifs that are part of the
OEC. Figure 1.4 gives an overview of all the structural motifs, which either contain a
Mn-Mn diStance of 2.7 A or 3.0 A, or have terminal ligands that could be part of the
OEC during its catalytic cycle. As mentioned earlier, the OEC contains two or three
moieties with a 2.7 - 2.9 A Mn-Mn distances depending on the S-state, which most likely
are di-p-oxo moieties. The oxygens of the di-p-oxo moieties might be protonated early
in the catalytic cycle . The Mn cluster also includes at least one Mn—Mn' distance of
about 3.3 A, which could be an individual Mn—Mn and/or Mn—Ca mono-,-0Xo moiety

or a mono-y;-0xo moiety. The majority of the terminal ligands for the Mn cluster are



Chapter 1

carboxylate ligands, which can provide bridging between two Mn atoms or can bind to
Mn in a monodentate or bidentate manner. It is also known that there are at least one or

two histidine ligands.>*®**° Consequently, Mn model complexes are desired with a

mixture of aromatic N ligands and carboxylate ligands to be relevant to thev OEC. There

is also some evidence that the co-factor CI” is directly ligated to one of the Mn atoms of
the OEC in the S, state,***! and possibly in other states. During the water oxidative cycle,

at least one water molecule is bound and oxidized, possibly as a terminal ligand.
Therefore, Mn cdmpouﬁds with terminal Cl-, H,0, HO", O* ligands .are of intereét.
Additibnally, Figure 1.3 shows the oxidation states of the Mn atoms in the OEC during
the catalytic cycle; Mn", Mn™, or Mn". Therefore, model compounds of the most
interest contain one or fnore of the structural moieties in Figure 1.4 and ha\}e oxidation
stafes that are Mn", Mn", Mnfv, or even Mn", which has been proposéd to be pfesent in
the S, and S, states.

A survey of the literature for Mn compounds relevant to the structure and function
of the OEC is presented in Tabies 1.1 through 1.7. The références in Tables 1..1 through
1.7 indicate the articles where the synthesis and structural information are prdvided of the
Mn complexes. Compounds where thé Mn atoms are connected only byv alkoxide bridges
("OR) have been excluded from this collection, because they are less relevant to the OEC.
Table 1.1 shows a list of Mn mono-nuclear compounds which contain either O**, OH", or
(one or two) H,O. These mono-nuclear compounds can ilave 5-, 6-, or 7-coordinated Mn
atoms, while the majority of the multi-nuclear compounds are 6-coordinate. Table 1.2
and 1.3 show a collection of Mn mono-p-0xo and di-p-oxo compounds, respectivély.

The majority of these compounds have a mixture of O-Mn and N-Mn ligands. Only in

-9.
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two cases, are all the terminal ligands provided by oxygen. In addition, the ligating
niﬁogens can be separated into two types: nitrogens that are part of an arorﬁatic system,
ahd nitrogens that are non-aromatic. No amide residues have been identified yet as
ligands to the OEC. Therefore, it woul_d be desirable to have more mono-p-oxo and di-p-
oxo compounds with either all oxygen ligands, or with a mixture of oxygen ligands and a

few aromatic nitrogen ligands.

Table 1.4 shows a set of Mn tri-nuclear compounds, which can be used to study

parts of possible intermediates during the catalytic cycle of the OEC. These t;i—nuclear
motifs are also part of the structures of the Mn tetra-nuclear compounds in Tables 1.5,
1.6, and 1.7. The tetra-nuclear compounds are separated into several classes. The
‘adamantane-like’, the ‘dimer-of-dimers’ , and ‘linear; Mn tetra-nuclear compounds are
presented in Table 1.5. The ‘cﬁbane’ compounds are given in Table 1.6, and the
‘butterfly’ compounds are showﬁ in Table 1.7. The ligation of the ‘linear’, the ‘cubane’
and the ‘butterfly’ compounds consist mostly of oxygens and aromatic nitrogens, which
is desirable because of their relevance to the OEC.

Many of the Mn compounds are relatively stable, and stay intact during
electrochemistry. Therefore, a variety of oxidation states can be studied using the same
compound. No compounds are available containing Mn and Ca, which are bridged by

mono-H-0xo or carboxylate bridges.

-10 -



. Chapter 1

HoH 8 0 o.
Mn | Mn Mn Mn Mn ' an Mn Ca

mono-|,-oxo bridge

~ Mn Ca
H - 0O O
-~ Mn Mn Mn Mn
dl-uz-oxo bridge : ' ' l5-0x0 bridge
M\  Mn Mn  Ca Mn Mn
\o o/ \o | 'o/ \o on / \
~o” N ' ~o” N /
I [ T i
carboxylato bridge o carboxylato terminal
: ‘ . l\/lln |
: /H . ' : ' ’ N
Mn—O Mn—O Mn=0O _
\ \ _ \ _ / :
H H Mn—Cl
o oxo terminal chloride termiha_l ' W '

histidine terminal

Figure 1.4 Structural motifs which are relevant to the OEC of PS 1, and serve as

templates for Mn model compounds.
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Table 1.1 Mn mono-nuclear compounds with non-bridging O, OH", or (one or two)
OH, ligated to Mn. Four types of terminal ligands are distinguished: O° =
oxygen from carboxylate group, N* = aromatic nitrogen, N = non-aromatic

nitrogen, and X = either a terminal oxygen or halide.

structural . Mn ox. ligand character
. specifics ref.
unit R state(s) O° | N | NV | X
Mn=0 6-coordinate v 4 2 42
3 43
Mn=0 5-coordinate V)
' 4 1 44
HO-Mn=0 6-coordinate av) 4 2 42
Mn-OH 6-coordinate (II0) 3 3 45
1)) 2 1 46
S-coordinate ' : 4 1 47-49
)
Mn-OH, 4 1 50
6-coordinate (I1Im) 2 1 51
7-coordinate (I 2 4 1 52
Cl-Mn-OH, 7-coordinate am 2 4 53
£ = 180° 6-coordinate (1) 2 4 54
| 7-coordinate 2 4 55
an
6-coordinate 4 2 52,56
6 57
Mn-[OH,],
1 3 58
£ =180°
6-coordinate IIm) 4 2 |48,59,60
4 2 61
2 4 62
2 2 2 63
Mn-[OH,], .
6-coordinate D 2 4 64
£ =90°
6 65

-12 -
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Tabel 1.2 Mn di-nuclear compounds with the mono-u-oxo moiety. The number of
ligands is per Mn atom. Two types of bridges are distinguished:
o = bridging oxygen and O° = ¢arb0xylate bridge. Three types of terminal
ligand are "diStinguished: N* = aromatic nitrogen, N" = non-aromatic

nitrogen, and X = either a terminal oxygen or halide (in parentheses). OAc

is CH,CO, .
) e Mn ox,Tbridging terminal
structural unit specifics states)] 0° | 0S| NA INV| X ref. |
JLang 1 |- 5 ) 66
v,y 1 411 67,68
linear - |dILI, _
Mn-O-Mn IILIV),] 1 2121 69
av,1v)
. 1 312 70
non-linear . | (HLII) 1 3 1 -
- 0 IIi - 1 {11311 72
Mn_  “Mn - LI 22 7
1 121241 74
(LI 1 12 3 .75
1 1213 76,77
- Ly 121241 74,78-80
n/O\ n } ) 1|2 3 81-85
“[OAc]; 112121 74
' {ILIV) 1|2 3 81,82,84
2H,0 LD 1] 212 1 | 86,87
201 dALImy 1] 212 1(Cly 87
1H,0&10R JLImy 1 §2]2 1 | 8889
—0O~ '
Mn\Y/ Mn Y = phenyl boronate [(IV,IV)| 1 | 2 3 90
2 » »
- ILm | 1 21211 91
Mn—-(OH)-Mn 2 OAc. bridges ami|1r (2] |3 82,83
5-coordinate (ILID | 1 4 47
- . 1 12]2 1 92
270,CR
—OH;~ ,CR terminal groups am (112 > 11 9
Ml"h[ o R]'Mn 3 OAc terminal groups 1 ]2]1 2 93
202 2 terminal H,0 &
“O,CR terminal groups I 11211 2 o4
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Table 1.3 - Mn di-nuclear compounds with the di-u-oxo moiety. The number of ligands
is per Mn atom. Two types of bridges are distinguished: O® = bridging
oxygen and O° = carboxylate bridge. Three types of terminal ligand are
distinguished: N* = aromatic nitrogen, N = non-aromatic nitrogen, and X =

either a terminal oxygen or halide (in parentheses). OAc is CH;CO,".

. . Mn ox. |bridging | terminal
structural unit specifics states) | 0% | 0 | N* | N | X ref.
5-coordinate aLm | 2 | 3| 95
2 2 2 96-98
I
(LD 2 311 97
2 4 99-101
2 2 2 98,102-106
Other oxidation | (IML,IV) | 2 311 107,108
states (]II,]]I), 2 3 1 109
(IILIV), or i
(IV,IV) canbe 2 4 110-115
electrochemically 2 4 116,99
Mn-0,~Mn prepared 2 2 | 2 98,117,118
' 2 4 110,114,119
| AVIV) 2 311 120
2 2 2 121-124
| 2 2 [ 2| 12512
2 terminal OH | AV, IV) | 2 3 1 84
: 2 3 eyl 127
2 1 V.1V
terminal C1 1 AVIV) 175 2 [ 1 |ey| 1z
. 2 3 |1(F) 127
2 terminal F Iv.Iv) 5 > I 1@ o8
2 1 3 127,129
(ILEV) 21121 79,128,130,131
- 2|1 3 129
[OL, W =TTz 1 78,79,132,133
Mn/ \Mn
\O A c/ 2 terminal H,O | AV,IV) | 2 1 2 1 134,135
2terminal C1 | (IILIV) | 2 1 2 1(CDH 136
i i 2 |1 11111 137
.dlfferent terminal (ILIV) 2 2
ligands for each Mn 2 11 13| % 137
5-coordinate am | 2 3 95
Mn~(OH),-M —
n{ O, M ordinate | (ULID | 2 2 138
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Table 1.4 Mn tri-nuclear compounds. The number of ligands is per Mn atom. Two
types of bridges are distinguished: O® = bridging oxygen and
O° = carboxylate bridge. Three types of terminal ligand are distinguished:
N* = aromatic nitrogen, N" = non-aromatic nitrogen, and X = either a

terminal oxygen or halide (in parentheses). OAc is CH,CO,".

. . Mn ox. bridging] terminal
structural unit specifics state(s) Mn o° loc IN* [NV | X ref.
M 6-0,cr | @y fan] 1|4} 139-144
bridges ) lan|1]4]1 142,145
0
PN & 1 H,O on IREE 4 1
Mn Mn MoE (ILIIL) pe I R B 141,142
Mn* = I {Mn*| 2 2011
g 133
| Mn® =1V |Mn®] 3 2|1
OH on Mn* |
Mn# v Mn*| 2 210110 1 -
132,13
o/ \o ¥ Imn?| 3 2|1
I/ O\I - Mn*| 2 2011
MnB  MnB | T 01{4% on 1y ) P
\O/ : Mn®| 3 211
Mn?| 2 4
1 HZOBper av,) 147
Mn Mn®| 3 2 1
Mn
75N\ .
O 17 O P can be : _
lO’g‘Ol _replaced by (Iv; |alj}2 31 1 | 148
Mo Mn AsorVY
No” |
40Ac | mf{2|4 -
Mn(OH)Mn(OH)Mn | ' dges (I11,I1,IIT) 1513 149
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Table 1.5 Mn tetra-nuclear compounds, which contain the ‘adamantane-like’, ‘dimer-

of-dimer’, or ‘linear’ motif. The number of ligands is per Mn atom. Two

types of bridges are distinguished: O° = bridging oxygen and

OF = carboxylate bridge. Three types of terminal ligand are distinguished:

N* = aromatic nitrogen, N' = non-aromatic nitrogen, and X = either a

terminal oxygen or halide. OAc is CH,COj;".

. . Mn ox. bridging | terminal |
structural unit specifics state(s) Mn o | oo lna I N | x ref.
(IILIV;)| all | 3 211 150
- V) all { 3 1 150
,O’M\Icl;o Y lan| 3 3 151,152
\ .
MU—O/—Mn 1 p-oxo bridge is 3 152
0-Mn-g protonated ; '
Ivy jal} 3
2 p-oxo bridges 153
are protonated '
MnZ _=Mn |
Rt b | dimerslinkedby | LIV [ f o | .
| _o- | two "OR bridges | (1v,III)
MnZ__ O/Mn
OAc_ dimers linked by
l\iln ~0— Mln two "OR bridges (IIL, )
O by bridging 0 | (1D
MnZ =M y gmg
OAc atoms
A
Mn®-0,~Mn*-0,-Mn"-0,—Mn® Iv,) Mo} 4 156
Mn® 4
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Table 1.6 Mn tetra-nuélear‘compounds with the ‘cubane’ motif. The number of ligands
is per Mn atom. Three types of bridges are distinguished: O® = bridging
oxygen, O° = carboxylate bridge, and X® = bridging that are not oxygen
ligands. Three types of terminal ligand are distinguished: N* = aromaiic
nitrogen, N" = non-aromatic nitrogen, and X = either a terminal oxygen or

halide (in parentheses).

et . Mn ox. bridging terminal
structural unit spec1fics |state(s) Mn o*loc| ¢ INAINY| X ref.
Mn\/j)/‘Mri (IIIZ,IVZ)L all |3 3 |17
|/TMn I 6 (O,PR) bridges _ _ 157
O‘Mn 0 (ILIV,)] all |3 3 |58
mf{2 |1 {1cy 2 | ys0.
- . . B
L CI" bridging (X)) (IIL,,IV) ~G 15 161
0. [1crbridging (X®) (IL.IV) o2 | 1 |I(Chil 1(CD | 162-
Mn‘Cl‘l/an 3 CI” terminal ¥ i3 |3 164
| /|Mn~ o, |2 | 1 |1c 2(Cl)
ozl 0 I
Mn L€l bridging (X 1y vyl yrr [2 | 1 Jicenl 1cp | 162
_ . 5 CI" terminal ¥ 165
3 (O,CR) bridges i3 |3
' e B mrf2 |1 |1l 2(Cl
1 CI bridging (X*) (IL1V) (Ch) (CD s
6 CI” terminal vl3 | 3
o3 |1 2
X = H,0 (I1L,) ' 166
v |3 |3
lml2 |1 1B 2
_o. X=Br |(LJIV) o
Mn J/Mn V|3 |3
| S|
/IMn\ ml 2|1 1N 2
01 O | X=N; or OCN" |(IIL,IV) 167
Mn Av|3 |3
3 ("O,CR) bridge |X = OMe™ or OH" m|s3|1 2 | 1068
X =MeCO, |(IL,IV) 11@%
_ - lv |3 |3 169,
X = PhCO, 171
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Table 1.7 Mn tetra-nuclear compounds with the ‘butterfly’ motif. The number of

ligands is per Mn. Two types of bridges are distinguished: O° = bridging

oxygen and O° = carboxylate bridge.

Three types of terminal ligand are

distinguished: N* = aromatic nitrogen, N' = non-aromatic nitrogen, and X =

either a terminal oxygen or halide (in parentheses).

L . Mn ox. lbridging terminal
structural unit specifics state(s) Mn ool N N x ref.
MnA 4 "O,R bridges
| between Mn” A Mol 1|2}]2
B Mn“=11
and Mn" atoms B 172
0 A : Mn"=1II y
B/ \ B Mn atoms . MnB 2 2 2
Mn\ Mn 5-coordinate
0 4 "OR bridge Mn*l 1 21 3
| between Mn* (11L,) " 173,174
Mn# and Mn® atoms Mn™| 2 2
Mn® atoms |Mn*=1I|Mn*| 1 | 3 175.176
5-coordinate |[Mn®=III|Mn®| 2 | 3 '
All Mn atoms |Mn*=1I{Mn*]| 1 | 3 L -
5-coordinate |[Mn®=II|{Mn®| 2 | 3
/Mn one CI per Mn* am,) Mn‘B‘ 113]1 1CYf .
O,CR- l [RCO 2] 5 atoms Mn"} 2 | 3] 1
| Mn*| 1|3 2
MR \IIVIHB Mo®| 2 | 3| 1 169
\ / A
| | B an,y M]3 2 |
[OZCR]2| RCO, Mn®| 2 | 3 I
A
N MnA” Mo' [ 1 T3] 7 T
Mn®| 2 | 3 1
. ' Mn*| 1|3 2
B .
151_‘;[20;:;;‘;;8 aL) |[Me] 2 [3]1 169
Mn®| 2 | 3
Mn*] 1 |3]|2
- ) 175
y (IIJIIZ,III it 2 T2
/ In Mn*| 1] 3] 2 1751801
OCR |[RCO,, MoEl 2 Ta 182
l L O Mn*|1[3]1 1 |i169,181
Mn® —\O C}Mn - (IIL,) MnBl 2 | 4 183,184
@ Mo} 1|3 2 l160,181
Mn one HOper | 1 Mn*| 1|3 2 78181,
 Mn* atoms Y IMn®| 2 | 4 185
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+

Even'thougl; a éreat rriany Mn compounds, relevant to the OEC, have been

-196
S35f_186

published, only a few of these of compounds have been studied by XANE or

Mn Kj XES 4197199 1y fact, some of the compounds involved are manganese salts, such

as Mn"Cl,, or oxides, such as Mn,0;, which are less relevant to the YOEC.38’190’193’1v94’198
The focus of these stﬁdies is on either the influence of an o#idétioﬁ-state
chan.gelgl’lgz'l%’197 or a structural changels‘s'lgg’195 bn the Mn K-edge XANES or Mn KB
XES spectra. Howeve;, no extensive comparion has been made between the two
inﬂuéncés. Therefore, in Chapter 2, two manganese cbinpo_unds in solution are studied to
investi.gate the inﬂqence of oxidation state vefsus ligand environment on Mr_be-edge
XANES and Mn Kf XES data. One compound contains a mono-p-oxo moiety and the
other éontajns a di-p-oxo moiety. The terminal ligands of thc mono-u-oxo compound are

a mixture of oxygen ligands and non-aromatic and aromatic nitrogen ligands.69 For the

di-u-oxo compound all the terminal ligands are aromatic nitrogen ligands. 10 The effects

on XANES and KB XES data of these different bridging and terminal ligands are

compared to the influence of the different oxidation states: Mn™Mn™, Mn™Mn", and

Mn'YMn".

Recently, efforts have been made to add vibrational spectroscopy as an
invc:stigative tool to study the structure and mechanism of the OEC. This can be done by
: studying the changes during the catalytic cycle in the 1800 - 1200 cm™ range, which

contains vibrations of the protein-residues ligated to the OEC.2%2%  Another approach is

to study the Mn—ligand vibrations directly, specifically the Mn—O Vibrations; which occur
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in the 200 - 1000 cm™ range.?9%296297 A for the X-ray and EPR spectroscopies,

vibrational spectra of manganese model compounds are indispensable for the
interpretation of the IR and Raman spectra of the OEC. Only a few Mn compounds have

been analyzed by vibrational spectroscopy and normal mode analysis. This list consists
of: Mn-porphyrins,** MnO,™,>® Mn""0,X with X =F or CI",2**® Mn"'X, with X =F,
Cl, Bror 1’211,212 and one mono-u-0xo compound.76 Only the last compound is relevant

to the OEC. Consequently, more vibrational information of Mn model complexes, with
different structures and oxidation states, is needed to aid the interpretation of the
vibrational spectra of the OEC

Chapter 3 introduces a versatile spectroelectrocheﬁﬁcal appératus to study the
changes in IR spectra of organic and inorganic compounds upon oxidation or reduction.
In addition, an IR data collection protocol is introduced to deal with electrochemically
non-reversible background signals. This apparatus and protocol enables us to study
mahganese compounds in different oxidation states relevant to the OEC. These studies
will provide more insight into the vibrational behavior of the OEC during its catalytic
cycle.

In Chapter 4, this apparatus and protocol are used to obtgin IR differénce spectra
of an adamantane-like compound in the two oxidation states (Mn"Mn''; and Mn™,). The

adamantane-like compound has six mono-p-oxo bridges and a combination of non-
aromatic and aromatic nitrogen coritaining terminal ligands.150 Isotopic exchange,
'%*0—'%0, is used to distinguish Mn-O bridging modes from the terminal ligand modes.

A normal-mode analysis is used to extract Mn—O stretching force constants which can be

used for the analysis of vibrational spectra of the OEC. This is the first time that such an
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IR and normal-mode analysis has been performed on a manganese compound in two
oxidation states relevant to the OEC.
Finally, in Chaptef 5 a future outlook is presentéd on the different techniques used

to study manganese model compounds which are relevant to the understanding of the

mechanism of the water-oxidation cycle.
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2.1 Introduction

In green plants and cyanobacteria, ‘light-induced water oxidation is performed by
a membrane-bound protein cluster, photosystem II (PS II). This protein clﬁster contains
an active site, the oxygen-evolving complex (OEC), where water binds and is oxidized -
during four consecutive photon-induced electron exfractions. In the absence of high-
resolution crystallographic information, most of the structural information about the OEC

Il-9

comes from X-ray absorption spectroscopy (XAS) and EPR studies on PS II'™” and on

model comple:xes.w'15 These techniques have been used to investigate both the structure

of the OEC and the mechanism of water oxidation.'®?! The consensus is that the OEC
contains four manganese atoms, consisting of two to three di-p-oxo Mn-Mn moieties and

one mono-y-oxo Mn-Mn moiety. Kok et al.>* proposed that water is oxidized in five

stage‘s', called S-states (S, - S,), with the index indicating the number of stored oxidizing
equivalents. An electron is extracted dufing each of the first four light-induced
trénsitions, Se—S;, 5,98, S,—8; and S;—[S,]>S,. Dioxygen is released during the last
trahsition, when the S, state returns to the S, state via the hypothesized S, state.

To understand the mechanism of watef oxidation in more detail, it is important to
know at each stage whether the extracted electrons are coming directly from bound wafer,
from the Mn afoms, or from any other parts of the OEC. Both EPR and Mn K-edge X-
ray absorption near-edge structure (XANES) .have been used extensively to investigate
the involvement of the Mn atoms in water oxidation. Based on the results of these
techniques there is consensus that Mn is oxidized during the S,—S; and S;—S,

transitions. However, there is still controversy concerning the involvement of Mn
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“oxidation in the S,—S, transition. Roelofs et al.®> concluded that there is no Mn

oxidation in the S,—S,; transition, based on the absence of a significant shift in the
XANES spectra between S, and S;, and proposed that a ligand is oxidized. However,

24

Ono et al.”” and Tuzzolino et al.® conclu_de_d, based on observed shifts in their XANES

data, that Mn oxidation is involved in this transition.

Recently, Messinger et al?! performed a modified version of the experiment done
by Roelofs et al., > using XANES. and an additional technique, Mn KB X-ray emission
spectroscopy (KB XES).2%?” Like XANES, KB XES is élement—specific, but in
comparison to XANES it has the advantage that it is mdre sensitive to the oxidation state
and less sensitive to the ligand environment of the manganese atoms.

XANES results from the excitation of a 1s electron (K-shell) to a higher, bound

orbital (Figure 2.1). The higher the oxidation state of the metal, the more positive the

ovérall charge of the atom, and the more energy is required to excite an electron out of an
orbital.® The first formally allowed electric-dipole transition is the 1s—4p transition.
Due to the size of the 4p orbital, it overlaps with p-orbitals of the ligands, either through
o or @ bonding. Consequently, this transition is sensitive to the oxidation state and the
ligand environment of vthe metal. For certain symmetries around the metal, the formally |
_electfié-dipole forbidden 1s—>3d transition can be observed, occurring at a ldwér energy
than the mvaih edge transitions.” This transition is due to rrﬁxing of metal 3d and 4p
orbitals and gives information éboﬁt the ligand. as well as about the oxidation state and

symmetry of the metal complex.3°’31 To increase the sensitivity of XANES, absorption is

detected as an excitation spectrum by measuring the Ko fluorescence of the Mn atoms.>
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Figure 2.1 A schematic for the excitation and emission processes involved in XANES
and Kf3 XES spectroscopy. XANES spectra reflect the transition energy of
Is electrons excited to higher bound states, which depends. on the overall
charge and li’gand environment of the metal.?® To enhance sensitivity, the
absorption spectra are collected as excitation spectra using Mn Ko
fluorescence detection. K XES arise from the emission of a 3p electron to
1s hole, which'is formed following X-ray absorption. In a simplified model,
two final spin states exist with either a constructive (KB, ;) or destructive
(KPB') spin exchange interaction between the unpaired 3p and 3d electrons.
The magnitude of the interaction depends on the number of unpaired 3d
electrons, which is related to the oxidation state of the metal. For a more
vaccurate model, the ligand-field multiplet formalism needs to be applied,
taking into account spin-spin and spin-orbit interactions, ligand-field

splitting, and Jahn-Teller distortions.””
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In contrast to XANES, Kf8 XES detects the X-ray emission from the relaxation of
a 3p electron to a 1s hole, which is created by excitation of a Is electron into the
continuum (Figure 2.1). In a simplified model, two final states exist due to a constructive

(KB, 5) or destructive (Kf") spin-exchange interaction between the unpaired electrons in
the 3p and 3d orbitals.*** The magnitude of the exchange interaction depends on the

number of unpaired electrons in the 3d orbital. Increasing the oxidation state of the metal
decreases the number of unpaired 3d electrons, in the high spin case; concomitantly, the

spin exchange interaction decreases. Accordingly, the KB, ; transition shifts to a higher
and the Kf' transition shifts to a lower f:nel'gy.27’35 7 Compared to the 4p orbitals, the 3p

orbitals have less overlap with the ligand orbitals, because they are smaller and more
buried within the electronic shells. Therefore, KB XES is less sensitive to the ligand

environment compared to XANES. The K@, ; transition is better resolved than the Kf'
transition due to a difference in relaxation process'es.38 Hence, the Kf, ; transition is used

here as a indicator of the oxidation sfate of the metal.

| . A more accurafe view on Kf3 XES requires the ligand-field multiplet formalism.
Fér example, in the atomic picture, a Mn" atom has five 3d electrons (°S term state) and
one unpaired 3p electron (*S) after Kf§ emiséion. A variety of spin multiplet states exists
when the spin-spin exchange interaction is included; two of the main states are the P
(part of KP, ;) and the °P (part of KB') symmetry. Using this formalisﬁl enables inclusion
of other symmetry-dependent perturbations such as spin-orbit éoupling, ligand-fieid
splitting, Jahn-Té'ller distortion and, in case of multi-nuclear compounds, spin-spin
interaction betweeﬁ different metal atoms. Each of these perturbations will split the spin

states into a multiplet of states, causing an asymmetric broadening of the observed
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emission peaks. This indicates that there is some dependence of the ligand environment

on Kf XES spectra.

On the basis of the results from both these techniques, it was concluded that no
manganese oxidation accompanies the S,—S; transiti.(.)n.21 Nevertheless, some suppdrters
of manganese oxidation in the S,—S; transition vargue that two opposing effects cause the
~ lack of a shift in XANES and K XES data. A structural change occurs in the OEC
during the S,—S, transition,” which could offset the effects due to manganese oxidation.

To resolve this issue, the influence of oxidation-state and structural changes on XANES
and KB XES spectra needs to be established. To address this question, two manganese

compounds in solution are studied here to investigate the influence of oxidation state

versus ligand environment on XANES and K XES data.

/‘N N
N-..,

.0
e "y, LLARRA
Hi "ipan VY

}M\/
N

N
N N

\/\/

L'=1,10- phenanthrolme = F
N N N

Figure 2.2 The di-u-oxo manganese compound [L', Mn"'O,Mn"'L',]’*, with L' as 1,10-

phenanthroline.'%3%%
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The two compounds studied are the di-p-oxo bridged compound
[L',Mn"'O,Mn"L',}(C10,),, where L' is 1,10—phenanthrolinélo (Figure 2.2) and the mono-
p-oxo bridged compound [LMn"OMn™L](ClO,),, where L~ js the mono-anionic N,N-
bis(2-pyridylmethyl)-N;-salicylidene-1,2-diaminoethane ligand*! (Figure 2.3). The di-p-
oxo compound has a diamond-core Mn™-O,-Mn" unit with a Mn-Mn distance of 2.75 A.
One reversible wave is ‘observed in the cyclic voltammetry at E"? = +1.26 V vs. SCE of a
[(LHY,Mn™O,Mn™(L"),]** acetonitrile solution for the (MnAmMnIV ‘_", Mn"Mn" + e")
couple.'%¥4° The mond;p-oxo compbund contains a liﬁear Mn™-O-Mn™ unit with a

Mn—Mn distance of 3.52 A. Cyclic voltammetry of a solution of [LMn™OMn™L]* in

acetonitrile shows two reversible waves at E,"? = +0.54 V vs. SCE and at E,"> = +0.99 V

vs. SCE. for the (MannIII 2 Mn""Mn" +e') and (MannIV - Mn"Mn" +e‘)

42-45

couples, respectively.

| / N\
N— N=

(N |
L= FN& - —N
LoSn do— Ny 7/

Figure 2.3 The linear mono-u-oxo compound, [LMn" OMn"LJ**, with L~ as the anionic

N,N-bis(2 -pyridylmethyl)-N'-salicylidene-1, 2-diaminoethane | igand. 442
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Samples of the different oxidafion states of both cbmpounds are made by
preparative bulk electrolysis. To determiné the extent of the influence of oxidation state
and ligand environment on the Mn K-edge XANES and K} XES spectra, pure oxidation-
state compound spectra are required. However, the‘ electrochemical preparation of thé
different oxidation states for each compound is not 100% complete. Therefore, UV/vis
and EPR spectroscopies ére used to determine the manganese species present in the
electrochemical solutions. This information is used to deconvolute the measured spectra
into pure oxidation state spectra. EXAFS spectroscépy is used as an additional tool to
verify the integrity of the electrochemically prepared compounds. By comparing the
different oxidation states for each compound, the effect of manganese oxidation on
XANES and Kf XES data is studied. The ihﬂuence of ligands is investigated by
comparing the spéctra of the two compounds in equivalent manganese oxidation states.
This is the first such_ study of structurally homologous Mn compounds in different

oxidation states using XAS and K XES methodology.

2.2 Experimental

~

Preparation of di-p-oxo compound samples: Synthesis of the di-p-oxo
compound, [L',Mn"0,Mn"L',](CIO,), with L' as 1,10-’phenanthroline,.is adapted from
the published procedure by Cooper et al.'? The IR speétrum of the recrystallized solid
compound was recorded to determine the purity, and it matches the .published data.!”

Electrochemistry of [L',Mn™O,Mn"L',]** in acetonitrile shows one anodic wave at

+1.26 V vs. SCE, corresponding to the (ManbnIv S Mn"Mn" +¢7) couple. The
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[L,MnVO,Mn"L',]* cation is prepared from a 1.7 x10™*M Mn"Mn" di-p-oxo
compound solution at +1.4 V vs. SCE under an argon atmosphere at room temperature.
Figure 2.4 shows a scheme of the two compound fractions as a function of time during
electrochemistry. Samples are extracted at different times during the electrolysis
experiment for XAS, KB XES, UV/vis and quantitative EPR. In the nomenclature of the
electrochemical samples, the first letter denotes the kind of compound, 'di' refers to the
di-p-oxo compound, and 'mono’ refers to the mono-p-oxo compound. The Roman
numerals between brackets indicate the desired oxidation state of the compound.
Different extraction time-points are indicated by subscripts. The samples from the di-p-
oxo compound, [L',Mn™0,Mn"L',] (ClO,),, are designated di(IIL,IV), di(IV,IV),, and
di(IV,IV);.

UV/vis spectroscopy could not be used to folow the progress of the electrolysis of
the di-u-oxo compound, because the strong absorption bands of the Mn™Mn" and
Mn"Mn" species are obscured by the absorption of free terminal ligand, 1,10-
phenanthroline. However, the starting Mn™Mn"" di-p-oxo compound is EPR-active
(S=1/2, with a distinctive 16-line spectrum) and the Mn'"Mn" species is EPR-silent
(S=0).*” Therefore, the EPR spectra of the di(IV,IV) samples are used to determine the

degree of completion of the oxidation step by measuring the decline in the Mn™Mn"

species.
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Figure 2.4 Scheme of the time course for the oxidation reaction of the di-u-oxo
compound. The arrows indicate sample extractions. The Mn"Mn"
compound (di(IILIV)) is an EPR-active di-u-oxo species. The Mn"'Mn"
species is stable and EPR-silent. The EPR spectra of the di(IV,IV) samples
are analyzed to determine the decline in the Mn"'Mn" concentration. The
EPR spectrum of the starting sample (di(IILIV)) is used as the pure

Mn""Mn" quantitative standard.
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Preparation of mono-p-oxo compound samples: Synthesis of the mono-p-oxo
compound, [LMn™OMn™L](ClO,), with L~ as the mono-anionic N ,N-bis(2-
pyridylmethyl)-N"-salicylidene-1,2-diaminoethane ligand is according to the procedure by

Horner et al.*! The mono-p-oxo compound is rec stallized, and it was determined that
K P ry

the IR spectrum agrees with the published data.*! Cyclic voltammetry of
[LMn™OMn™L]* in acetonitrile shows two reversible anodic waves at: +0.54 V vs. SCE

for the (Mn™Mn™  Mn™Mn" +¢7) couple and at +0.99 V vs. SCE for the
(Mn™Mn" ¢ Mn"“Mn" +e”) couple.*"*? The cation [LMn™OMn"L]* is prepared

from a 5.0 x 10* M Mn""Mn™ mono-p-0xo compound solution by bulk electrolysis at
E=40.85V vs. SCE under argon atmosphere at -35°C. To prepare the
[LMn"OMn"L]* cation, the potential is raised to +1.3 V vs. SCE. Figure 2.5 shows a
scheme of the different mono-p-oxo compound fractions during the two electrochemical
steps. At different times during the electrochemical experiment, samples are extracted
for XAS, KB XES, UV/vis and quantitative EPR as indicated in Figure 2.5. The samples
from the mono-p-oxo compound, [LMn"'OMn™L](ClO,),, are designated by

mono(IILIII), mono(IILIV), and mono(IV,IV), through mono(IV,IV);.
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Figure 2.5 Scheme of the time course for the oxidation reactions of the mono-u-oxo
compound. The arrows indicate sample extractions. UV/vis absorption
coefficients of the Mn""Mn" and Mn""Mn" compounds are used to determine
the starting concentration (mono(IILIII)), and the degree of completion of
the first oxidation step (mono(IILIV)). The Mn"'Mn" compound is the only
EPR-active mono-u-oxo species; it has a distinctive 18-line spectrum.
When water is present in the electrochemical solution, the Mn""Mn'" species
decomposes into Mn", which has a distinctive six-line EPR spectrum.
Therefore, the EPR spectra of the mono(IV,IV) samples are analyzed to
determine the decline in the Mn"'Mn'" concentration and the appearance of
the decomposition product Mn". The EPR spectrum of sample mono(IILIV)
is used as the Mn""Mn"" quantitative standard, and a MnCl, acetonitrile

solution as the Mn" quantitative EPR standard.
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UV/vis absorption is used to détermine the extent of the first oxidation step
(sample mono(III,IV)),vi.e.,. the ratio between the Mn™Mn™ and Mn™Mn" species. To
_ moﬂitor the progress of the second oxidat_ion step, EPR spectroscopy is used, because the
MannIV species has a distincti§e 18-line spectri}m (S=1/2) and the MannIII vand
Mn"Mn" species are both EPR-silent (S=0). Using this signal, the EPR spectra of the
mono(IV,IV) samples are analyzed to determine th¢ decline in the Mn™Mn" fraction.v
By subtracting the Mn"Mn" fraé_tions from 1.0, the increasing Mn'"Mn" fraction in the
mono(IV,IV) samples is calculated; When water is presént in the electrolyte, the

Mn™Mn" species is unstable*! and decomposes into Mn", which has a distinctive six-line

EPR signal (§=5/2). Even though great care is takén to keep solvents dry, a small
~ amount of decomposition 1s observed. Therefore, EPR is used to correct the Mn""Mn" -
‘fraction for this small amount of decomposition. To determine the Mn" fraction in the
mOno(IV,IV) samples a 1.0 x 10° M MnCl, electrolyté _Solution is used as an analog for
the decomposed compound. |
Cyclic voltamlﬁetry and bulk electrolysis. For electrochemical experiments an
electrolyte soilution of 0.2 M tétrabut_ylammonium pefchlorate (Puriss Fluka) in high-
_ quélity acetonitrile (Burdick & Jackson) is used. Forv each complex, cyclic voltammetry
is run before electrolysis. A platinum disk of 1.5 mm diameter is used as a working
electrode for cyclic voltammetry. For bulk eiectrolysis 1n a double-jacketed cylind.ric'al '
cell, a cylindrical Pt grid of about 20 mm diameter is used as a.'working electrode. The
auxiliary electrode is made 6f a .Pt grid ina glass tube with a fritted glass disk at the end.
to separate the electrode from the sample solution. The reference electrode is Ag/AgClO4

in 0.1 M TBA(CIO,) acetonitrile (270 mV more positive than SCE). Cyclic voltammetry '
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and bulk electrolysis are conducted using a BAS CV-27 Voltammetry Controller. Bulk
electrolysis for the di-p-oxo compound is performed at room temperature aﬂd it is
performed at —35 °C for the mono-p-oxo compound.

To minimize degradation during electrochemistry, the electrolyte solution is dried
by running it through an Al,O; column. Additionally, the final solutions are carefully
degﬁssed in the electrochemical cell with argon f‘or approximately 30 min. The entire
electrochemical cell is situated in a glove bag, which is flushed with dry nitrogen to
decrease product degradation during the transfer of solutions. T’he oxidized samples are
transferred from the electrolysis cell to the X-ray sample holders and precisfon EPR tubes
using nitrogen-flushed pipettors, and immediately frozen in liquid ni‘trogen.

UV/vis spectroscopy. Absorbance measurements are recorded on an AVIV
14DS U\}-VIS-NIR Spectrophotometer (AVIV, Lakewood, NJ) With' a bandwidth of
0.25 nm, a step size of 1 nm, and an averaging time of 0.1 s per measured wavelength.
AbsQrptiori spectra are baseline-corrected using an cleétrolyte solution. All
measurements are conducted in a 0.2 mm pathlength demountable quartz cellv(T-19, NSG
Precision Cells, Inc.).

EPR spectroscopy. Low-temperature X-band (~9.2 GHz) EPR spectra are
recorded using a Varian E-109 EPR spectrometer with a TE102 cévity and magnetic field
modulation at 100 kHz. All spectra‘are measured at 20 K using an Air Products LTR
liquid helium cryostat. Modulation amplitudes for the di-p-oxo and mono-p-oxo
compounds are 25 G and 20 G, respectively. The microwave power is 1 uW for the di-p-

~ox0 compound and 100 yW for the mono-pu-oxo compounds. Quantitative EPR v,is

performed with precision EPR tubes from Wilmad (706 PQ), with a + 3% volume error.
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EPR spectra of the XAS samples are measured in the same Lucite holders that are used
for the X-ray experimcnts.

Mn K-edge X-ray absorbtion spectroscopy. Mn K-edge absorption spectra are
collected at the wiggler beamlivné 7-3 at Stanford Synchrotroﬁ Radiation Labofatory
(SSRL) with SPEAR operating at ring currents of 40 - 100 mA at 3.0 GeV. The X-ray

beam is used unfocused, with an energy-scanning Si[220] double-crystal monochromator

detuned to 50% to attenuate higher harmonics.*® The Mn absorption spectra are recorded
as fluorescence excitation spectra32, using an energy-resolving 13-element Ge detector

(Canberra Instruments).49 Ionization chamber detectors (I,, I, and I,) are filled with

dinitrogen gas. Absorption is related to the fluorescence signal divided by the incident

flux (A = F/I(,).32 A KMnO, standard, placed between the rear ionization chambers I, and

L, is used to monitor the energy calibration and resolution. The KMnO, standard has a
narrow pre-edge line at 6543.3 eV, the full width at half height is. >less than 1.7eV in the
absorption -spectrum (log(1,/1,)). To reduce radiation damage, samples areb kept in a
- gaseous helium atmosphere at ambient pressure and at a temperature of 10 + 1 K, using a
liquid helium flow cryostat (Oxford Instruments CF 1208). |

XANES spectra are collected from 6520 to 6580 eV, with a step size of 0.2 eV.
Reproducibility of the Mn K-edge energy in these conditions is typically +0.1ev?

EXAFS spectra are collected from 6530 - 7100 eV. The 6540 - 6550 eV region is
measured in 0.25 eV steps to obtain an aécurate energy calibration using the KMnO,
standard. Tfle rest of the pre-edge and‘edge region, 6530 - 6576 eV, is measured in
1.0 eV steps. The EXAFS region, 6576 - 7100 eV, is measured in equal k-range (eq. 1)

steps of 0.05 A
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Data analysis for the Mn K-edge XANES and EXAFS has been published earlier
24830 and is described here briefly. For both types of data (XANES and EXAFS), a

linear pre-edge background is removed from the spectra. Subsequently, the post-edge
region (6630 - 7100 eV) is fit with a quadratic polynomial aﬁd nqrmalized to the
absorption of one free Mn atom, i.e. the amplitude of the polynomial at 6558.0 eV is set
to 1. For XANES, the first inflection-point energy (IPE) of the second-derivative
spectrum is taken as an indicator of the Mn K-édge energy for each compound.
Derivatives of the spectra are obtained by analytically deriving a third-order bolynomizil
fit to the data over a sliding + 1.5 eV intérval for eaéh data point.

In addition, fhe EXAFS data are used to determine the integrity of the
electrochemically prepared vcompounds. Therefore, only the radial distribution of
'bac.kscatterers for the Mn atoms is of interest; no édditional effort is taken to fit this radial
distribution to specific elements. A quadraﬁc polynomial fit is removed from the post-
edge region of the EXAFS spectrum. Subsequently, the EXAFS spectrum is converted

from E-space to k-space, the photoelectron wave vector (A™), as described in eq. 2.1 1

k= (27”) om (E-E,) | (eq. 2.1)
where k is the photon electron wave vector (A™), A is Planck’s constant, m, is the
electron mass, and E is the X-ray energy. E; is the Mn ionization threshold energy,

which is chosen to be the same for all compounds to enable comparison of k-space and

Fourier-transformed spectra. E, is chosen to be 6558.0 eV, which is the average energy

of the first edge maximum for all the model compounds. The EXAFS data are weighted

by & and forward Fourier-transformed into R-space (A); the K-range is 3.5 - 11.6 A
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Due to the quality of the data, no low-frequency baékground removal is necessary in the
K-data.

Mn KB X-ray emission spectroscopy. Kp XES spectra are collected at the
wiggler beamline 10-2 at Stanford Synchrotron Radiation Laboratory (SSRL) with
SPEAR operating at ring currents of 40 - 100 mA at 3.0 GeV. The X-ray beam at
9.2 keV is focuséd to a 1 mmXx 4 mm spot, with a flux of approximately
3 x 10‘.' photons/sec. Samples are positioned at a 45° ahgle to the X-ray beam.
Variations in the incident beam intensity (I,) are monitored uéing an ionization-chamber
deteétor filled with dinitrogen gas. The fluorescence emission spectra are measured
using a high-resolution crystal-array spectrometer, which consists of a solid-state 'defector _
positioned in the focus of eight Bragg-diffracting Si(440) cryvstals.52 The resolution
under our éxperimental-conditions is ~1.0eV; a detailed descriptvion is 'given in

Bergmann et al.>? Samples are protected from radiation damage by keeping them in a

gaseous helium atmdsphere at ambient pressure and at a temperature of 10 + 1 K, using a
liquid helium flow cryostat (Oxford Insfruments CF 1208). Energy calibration and
reproducibility are monitored by assigning the 1* moment of a solid Mn,O, sample to
6490.40 eV. Using these procedures a energy-determination accuracy of < 0.01 eV .within
a run and < 0.03 eV between runs is achieved. The di-u-oxo compound spectra were
collected in a separate run from the mono-p-dxb compound spectra.

KB XES spectra are collected from 6467.2 to 6510.9 eV at 5 sec/point. The step
size ranges from 0.1 to 0.24 eV. The. KB XES spectra of the dilute compbunds have a
linear background resulting from Compton scattering. This background is determined by

aligning spectral regions that are oxidation-state independent, i.e. outside the 6470 -

255



Chapter 2

6505 eV range, to those of concentrated Mn oxides (MnO, Mn,0,, and MnO,). The
result is then fit with a linear .function and subtracted from the experimental daté. To
simplify mathematical operations, the spectra are splined onto a grid of 0.1 eV energy
steps. Concomitantly, the integrated area from 6468 to 6510 eV of each spectrum is
normalized to 1. Thé 1* moment, <E>, of the Kf, ; peak is calculated between 6485 and

6495 eV using eq. 2.2, and is used as an energy indicator.

YE-I
(1= iZI.

(eq.2.2)

where I, is the background-corrected emission intensity at each energy E, .

2.3 Results

Analysis of di-p-oxo compound Solutions

Figure 2.6 presents the EPR spectra of different samples duriﬁg the
electrochemistry of the di-p-oxo compound (also see Figure “2.4). The EPR spectrum of
the di(XILLIV) sample matches the vpublished spectrum for the Mn"Mn" di-p-oxo

compound_in‘ acetonitrile.*’ Only a small amount of the Mn™Mn" species signal remains

in the di(IV,IV); EPR spectrum. The Mn™Mn" fraction of the di(IV,IV) sample is
- calculated by subtracting a fractional part of the di(IILIV) EPR spectrum from the
di(IV,IV) spectrum to obtain the minimél least-square value of the residual spectrum.
Table 2.1 shows that, during the electrolysis, the Mn™Mn" fraction decreases over time
to 0.19 and 0.04 for the di(IV,IV), and di(IV,IV), samples, as indicated in Figure 2.4.

Table 2.2 summarizes the fractions and errors that are used to calculate pure oxidation- |

state X-ray spectra of the di-p-oxo compound from sample di(IILIV) and di(IV,IV),.
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Figure 2.6 The EPR spectra of the di-u-oxo compound at two different stages during
the electrochemistry: sample di(IILIV), the starting solution (purple); and

sample di(IV,IV)g, the final solution after the oxidation step (black).
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Analysis of mono-p-oxo compound soluﬁons

The EPR spectra of different samples dufing the veléctrochemistry of the mono-u-
oxo compound solution are showh in Figure 2.7. As expected, the starting solution,
sample mono(IILIII), has no significant EPR signals, because the Mn™Mn™ species is.
EPR-silent. Sample mono(IIL,IV) shows the characte_ristic 18-line EPR spectrum of the

Mn™Mn" mono-p-oxo compound in acetonitrile.*’ This indicates that, during the first

oxidation step, the Mn™Mn™ species is oxidized to the EPR-active Mn™Mn" species
(Figure 2.5). The degree of conversion during the first oxidation step is calculated from a
UV/vis spectrum of sample mono(IILIV) (see Appendix 2.6) and published absorption

coefficient data of the Mn™Mn™ and Mn™Mn" species.*! The reliability of this method

is examined by comparing the total concentration of the Mn™Mn™ and Mn™Mn" with the
starting Mn™Mn™ mono-p-0xo compound concentration. Using a leasf-square fit for the -
UV/vis absorption values at 335, 380, 400, 480, 495, and 550 nm (data not shown) the |
Mn™™n™ : Mn™Mn" ratio is calculated to be 23 : 77 (+ 7). This shows that thé first
oxidation step is not complete for sample mono(IILIV). The starting‘concentration of
the Mn™Mn™ species, sample mono(IILIII), is calculated to be 0.50 + 0.02 mM from
UV/vis data at 380 and 495nm (see Appendix 2.6). The total concentration of the
Mn™™Mn™ and Mn™Mn" species of sample mono(IIL,IV) is calculated to be

0.49 £ 0.02 mM, which is well within the error of the starting concentration.
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Figure 2.7 The EPR spectra of the mono-u-oxo compound at three different stages
during the electrochemistry: sample mono(IILIII), the starting solution

(green); sample mono(IILIV), the solution after the first oxidation step

(purple); sample mono(IV,IV)g, the final solution during the second

oxidation step (black).
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Figure 2.8 EPR spectrum of 1.0 x 10° M Mn" in acetonitrile, which was used to

calculate the amount of decomposition of the mono-u-oxo compound after

the second oxidation step.
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The decrease in Mn™Mn" during the second oxidation step of the mono--0xo |
compound is followed by EPR spectroscopy, analogous to thé di-p-oxo compoﬁnd.
Figure 2.7 shows that the Mn™Mn" EPR signal in the mono(IV,IV); sample sﬁectru_m is
greatly decreased. This indicates that most of the Mn"™Mn" species has been oxidized
Vduring fhe second oxidation step (Figure 2.5). However, thé EPR spectrﬁm of the
mono(IV,IV.)F contains‘an additional six-line EPR signal, which resembles that of free -
Mn in acetonitrile (data nof shown). This shows fhat a small amount of the newly
formed Mn"™"Mn" species has decomp(;sed into Mn". The amount of the Mn™Mn®
. species and Mn" present in the mono(IV,IV) samples are determined by minimizing the
leasf—square value of the residuevEPR spectra, which is tﬁe mono(IV,IV) spectra minus
fractional parts of the the mono(IILIV) EPR spcctfﬁm, as the Mn"Mn" reference, and
the Mn" EPR ispectrum (Figure 2.8). Téble 2.1 preseﬁts the contribution of the
mono(IIL,IV) and Mn" spectré»to‘the various mono(IV,IV) samplé spectra. The
Mann.IV fraction increases first during the second oxidatioh step (mono(IV;IV) A)
before it .devcreases (mono(IV,IV), to mono(IV,IV)F).b This initial increase is due to the
“incomplete first oxidation step, as was determined by UV/ViS spectroscopy. At the start
of the second oxidation step, more Mn""Mn" specif‘:s‘ is initially formed from the
remaining Mn™Mn™ than is oxidized into Mn“’.MnIV (Figure 2.5); Table 2.1 also shows
that only a very small fraction (3%) of Mn""Mn" species decomposes into Mn". The
final. o_‘xidation state fractions of the mono-p-oxo sampleé used to deconvolute the

measured sample X-ray spectra into pure oxidation-state spectra are given in Table 2.2.
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- Table 2.1 The Mn"Mn" and Mn" fractions calculated from EPR spectra of the di-u-oxo
and mono-p-oxo sample solutions at different stages during the electrolysis,

see also Figures 2.6 and 2.7.

di | B mono
CJALIV))  dV,IV)  |JILIV) av,Iv)
A B A B C D E F

Mn""Mn" 1 0.19 1 004 | 077 {0.85(048|0.250.15(0.09 | 0.05

Mn" - - - - 10.01 [0.02|0.020.02(0.030.03

Table 2.2 The fractions of the manganese components used to deconvolute the
measured EXAFS, XANES, and KB XES spectra into pure oxidation-state

spectra of the mono-u-oxo and di-p-oxo compounds.

Mn"Mn'" _Man'nIV Mn""Mn" Mn"

(IILIV) - 1.0 _ -
di .

(AV,IV), _ 0.04+0.01 | 0.960.01 _

(IIL ) 1.0 - _ _

"mono | (ILIV) | 0232007 | 077+0.07 _ _

(AV,IV), _ 005+001 | 092+002 | 0.03+0.01
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'Aﬁalyéis"qf EXAFS data

. Flgure 2':..9.p"res'entsthe deconvolutéd. EXAFS spectra of the di;p-QXOvc_o.mpio.ﬁnd
(A)-and 'ﬁiﬁono-@oxo compouf_id (B) in théir respéctive pure oxidation vstétes.; NQ major
strl.ictﬁ:rél.c?i_ainges in tﬁe cémpounds dccﬁf upbn oxidation.'%*! Thereforé, .dr'_lly:' _sfnall
: alteratioﬁs mthe EXAFS spectra are expected bétwee_n the different oxidati'(_)n'sta.tes.' 'F_or
the di-u-o}{o Cbmppﬁnd (A), the Fou'riér peak at R’ = 2.4 A (see inset), containing
- Mn-Mn béck—scétt’er contributions, shbws a slight decrease in apparent distan¢e'ubon
oxidation from Mn"'Mn" to Mn""Mn". The Mn—-N/O Fourier peaks at R’ <2 A show a
smali decrease in apparent distance an.d_i_ntensityb'upon oxidatioﬁ_of the di-p-oxo -
comp'ovlind.. v-’I‘he intensity and apparent distance' of the Fourier peak at R’ =3 A (see -
inset) of thg mono-y-oxo compound (B), | which contains Mn'—Mn back;séatter :
contributions, are nearly independent of o:xidation state. Oxidatidn_—staté_ dependence is
observed for the Fourier peaks at R’ <2 A (Mr_l—N/O back-scatter). The iﬁtienisity of these
peaks in the Mn®Mn™ and Mn™Mn" states 1s reduced by a factor of aboﬁt two relative to -
that observed in the MnVMn"" state. This may be caused by a distribl_i'tidn of distances
~ due to the J ahn-Teller effect from Mn"™ and the mixed valence nature of the anmMnIv
species. The cﬁéng_es observed in the Mn_—an Four'ier peak are minor and indiéate that
" no majdr stmctural changes have occurred;vthgs_ the compounds have '.reméir'le_d'in'tact

throughout the electrochemical oxidation steps. _'
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Figure 2.9 The Fourier-transformed Mn EXAFS spectra of the di-u-oxo (A) and mono-

u-oxo (B) compounds in their respective pure oxidation states: Mn""Mn"
(blue), Mn™Mn" (black), and Mn'"Mn" (red). The insets present the 1.9 -

3.8 A range, which contains the Mn-Mn Fourier peak for each compound.
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Analys1s of XANES and KB XES data
The Mn K- -edge XANES and the second- derlvatlve spectra of the di- -H-0X0 and
rnono -U-0X0 compounds are shown in. Flgures 2. 10 and 2. 11 Oxidation of Mn’II to Mn’V
| _for _each‘compound causes al_l.K-_e'dges 'to Shlft to a h1gher energy‘ and change i in sha‘pe
slightly. This behavior is reuefs_ible,- i.e. when the higher o.Xi..dation_.states are fedUc‘ed, the
Mn K-edges shift to lower ene’fgy_ (data not shown)t The m'agnitude of the shift depends
on th'e_r"t'rype of compound. An indicator of the magnitude 'of edge shifts are the changes in
first inﬂection-point energies (1PES); which are indicated by the arrows in Figuresv é,iOB
and 2.11B and summarized in -Tahle' 2.3. The Mn K—edge:sh:ift for the oxidation of the di-
p-oxo compound (Mn™Mn" %Mn“'Mn“’) is 2.2eV. The shift in energy for the first
oxidation step of the .mono-p—oxo compound (MnIIIMn?II%%MannIQ) is 1.0 eV,_.and it is
0.8 eV for the' second oxidation' step Mn"Mn"™ -»Mn‘vh)lnl‘.f). Each shift is smallef than
that obvser\.fed for thevdi-u-oxo compound. The pfe;_edge features also change upon
oxidation of the compounds. ‘The shift in the pre-edge. IPE'for the di-p-oxo cornpOund is
0.6 ¢V. . For the first oxidation step of the mono-u—oxocompound this shift 1s t).8 ev,
similar to that of the di-p-oxo compound. Howevet' the shift in pre-edge IPE'forvthe
second ox1dat10n step is only 0.1eV. The shape of the Mn K-edge is also hlghly
: dependent on the type of compound In comparison to the d1 u -0X0 species, the mono- -

0xo species Mn K-edges have less -stru_cture.,
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Figure 2.10 The deconvoluted Mn K-edge XANES (A) and second-derivative (B) spectra
of the di-u-oxo compound in its two oxidation states: Mn"' Mn" (black) and
Mn"Mn" (red). The arrows in the second-derivative spectra indicate the

first inflection-point energy for the two oxidation states:

Mn""Mn" = 6549.9 eV and Mn™Mn"" = 6552.1 €V.
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Figure 2.11 The deconvoluted Mn K-edge XANES (A) and second-derivative (B) spectra
of the mono-u-oxo compound in its three oxidation states: Mn"™ Mn™ (blue),
Mn"Mn" (black), and Mn™'Mn" (red). The arrows in the second-derivative
spectra indicate the first inflection-point energy for each of the three
oxidation states: Mn""Mn"™ = 6550.7 eV, Mn"'Mn"" = 6551.7 ¢V, and
Mn"Mn" = 6552.5 eV.
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The deconvoluted Mn K-edge difference spectra for the different oxidation
state transitions of the di-u-oxo compound; Mn""Mn" — Mn"'Mn"" (green),
and of the mono-u-oxo compound: Mn""Mn"" — Mn""Mn™ (black) and

Mn"Mn" — Mn""Mn" (purple).
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R i‘-he _'difference MnK-edgeXANES spectrafortheoxrdatron-state _tfaﬁgitioﬁ_s are
- presentedm Figure 2.12;-. The d1fference spectrashowsmular 'st:r_uCtures'for_the oxrdation
' State._tran'si_tions of each .compound; ie. two bbroad'.neig.atiVe peaks 1n the 6545 : 6558 eV
rangev.and'a:weak broad positive peak at 6561 eVHowever the energy and intensrty of
the peaks depend on the hgand envrronment and startmg okrdauon state of the compound
The d1 u-oxo compound also shows a feature at ;6540 0 eV in the pre edge regron The
first oxrdatlon step of the mono- u oxo compound shows a feature at ~6539.8 eV with a
smaller intensity than that of the'dl-p-'oxo compound. No srgmfrcant change is observed

in the pre- edge region for the second oxrdatlon step of the mono- p-oxo compound

- Figure 2.13 presents the Mn KB XES spectra of the di-p-oxo (A) and mOono-H-0Xx0

(B) compounds in their respective oxidation states. The weaker KB' peak is at ~6476 eV
and the stronger KB, peak o.ccu/rs_ at ~6491 ev.3® The '_inset'_s present the KBIJ er_nis_sion

onan expanded scale. Figure 2'.13' shows that, 'upon 0xidation of the di-p-oxo and rnono- :
u-oxo compounds the KB, 5 peak shifts to a lower energy First moments are used. to
vquantrfy the magnitude of the shift of the Kf3;: 3 peak they are summarrzed in Table 2 3.
The sh_1ft' in -frrst_moments is ~0.21 eV to lower energy f_Or each oxr‘danon step, mdrcatrng
that thech.a'_nges observed between the compounds are”.very similar. Suppo_rt-‘ for thrs
| observation is Shown in .Figur_e_ 214 Which presents the M-n KB XES v.difvfer’en_ce: spectra
o_f t:he.okidati‘on .steps of the compounds. The KB13 XES difference spectra are.3a1.;.1' srrmlar

'_ 1n shape, 1ntens1ty and energy,. w1th1n the error of the measurements Each .diflf'ference v

| spectrum shows an 1ncrease in 1ntens1ty at ~649O eV and a.decrease at ~6492 eV ‘upon

oxrdatron', with a zero-crossmg of _~649_1_ e_V, _
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Intensity
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Figure 2.13

N | ] T | 0
6490 6494

I

6475 6485 6495
Emission Energy (eV)
The deconvoluted Mn K3 XES of the di-u-oxo compound (A) and the mono-
u-oxo compound (B) in their respective oxidation states: Mn"'Mn™ (blue),
Mn"Mn" (black), and Mn""Mn" (red). The spectra show the entire spectral

region with the two emission bands: KB’ (weak, left) and Kf, ; (strong,

right). The insets show the Mn Kf3, ; XES spectra on an expanded scale.
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Figure 2.14 The deconvoluted Mn K XES difference spectra for the different oxidation
state transitions of the di-u-oxo compound: Mn""Mn" — Mn"Mn" (green),

and of the mono-p-oxo compound: Mn"'Mn" — Mn"'Mn" (black) and

Mn"Mn" — Mn"Mn" (purple).
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Table 2.3 A summary of the first inﬂe‘ctibn-point energy (1I*' IPE) values of the pre-
edge, and main Mn K—edgé of the second-derivative XANES spectra of the.
mono-u-oxo and di-u-oxo compounds in their pure oxidation states, as well
as a synopsis of the 1° moments of the KB,' , peaks of the mono-u-oxo and di-
p-oxo compound in their pure oxidation states. The di-u-oxo compound and
‘mono-u-oxo compound spectrd were collected during different funs.
Therefore, when the K, ; first moments of the mono-u-oxo compound are
compared to those of the di-u-oxo compound, an errof of + 0.02 eV is present

in addition to the error values shown below.

mono-u- Mn K-edge XANES Mn K XES
0X0
pre-edge IPE | A | Edge 1*IPE | A | 1* moment Kf,, A

Com(ll) oun (eV) (eV) (eV) (eV) (eV) (eV)

2| LIV | 6539.5+0.1 6549.9 % 0.1 6490.21  0.01

g 0.6 22— ~0.20
&1 1v,Iv | 6540.1+0.1 6552.10.1 6490.01 £ 0.01

o | IILII| 6539.2+0.1 6550.7 2 0.1 6490.39 + 0.01 -
2 08 |- 1.0 ~021

2 oLav | 65400 0.1 6551.7 0.2 6490.18 + 0.03

= . .

=) _
Eltvav| es40.1z01 | @1 | 65525x02 | O3 | 648996 +003 | 7O%2]
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2.4 Discussion

Deconvolution into pui'e oxidatidn-s.tate spectra

The trends observed in the XANES and Kf XES spectréb rely on the quality .of
deconvolution of the measured data into pure éxidation compound spectra. Mn K-edge
XANES and KB XES are element-specific; therefore, only manganesé-containing
components and their ratios in the electrochemical solutions will affect these spectra. In
addition to the degree of completion of the electrochemical reactions, two other concerns
are addressed below: purity of the starting materials, and possible decompositidﬂ
products.

Di-p-oxo compqund solutions - No contamination is evident in the IR spectrum
of rthe recrystallized di-p-oxo compound (data not shown) relative to the published

spectrum.'® Furthermore, no other EPR signals are present, apart from the EPR signal of

the starting material in the spectrum of sample di(IV,IV), (Figure 2.6). Decomposition
of the di-p-oxo compounds is not considered an issue, because both the Mn"™"Mn"' and
‘Mn™"Mn" species are reported to be stable in a variety of solutions; including

acetonitrile.'>* The oxidation of the di-p-oxo compound goes almost to completion

(96%; Table 2.2). Therefore, the correction _,needed to obtain the decon?oluted pure
oxidation-state X-ray spectra ié minor. The ;:hange in IPE (XANES) imd I*~moment (K8
XES) values are less than the inherent errors of each method when the raw and
deconvoluted data are compared (see Appendix 2.6).

Mono-p-0xo compound solutions - To determine the purity of the recrystallized
mono-pu-oxo compound we recorded an IR spectrum of the solid starting material (data

not shown) and a UV/vis spectrum of the starting electrochemical solution (see Appendix
‘ / _ ‘
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2.6). Both match the published spectra.*! Furthermore, the EPR spectrum of the starting
solution shows no EPR signal (Figure 2.7). None of these three spectroscopies show
evidence of contamination in the starting material. Horner et al.*! determined that, of the

three oxidation states, only the most oxidized species is unstable and decomposes to free
Mn" when water is present in the electrolyte solution. Although great care is taken to
keep the electrolyte solution dry, a small decomposition is observed for the mono(IV,IV)
samples (< 3%, Table 2.1).

UV/vis spectroscopy indicated that the first oxidation step of the mono—p-oxb
compound is the least complete of all of the oxidation reactions (77%). This was
confirmed by the increase in EPR amplitude of the Mn™Mn" species in the
mono(IV,IV), spectrum. Nevertheless, the correction _needed to obtain the pure
Mn"Mn" oxidation state X-ray spectra is relati'vely small. Differences lof 0.3 eV in IPE

(XANES) and 0.05 eV in 1*-moment (KB XES) values are observed when the raw and
| deconvoluted spectra are compared (Appendix 2.6). The conversion duriﬁg the second
oxidation step is almost complete for the mono(IV,IV), sample (92% Mn“Mn").
Therefore, only minor corrections for the incomplete oxidation and decomposition are
needed to obtain the pure Mn'"Mn" oxidation-state X-ray spectra are minor (the
correction fractions of the Mn'"Mn" species and Mn" are in Table 2.2). When the raw
and deconvoluted spectra are compared (see Appendix 2.6), a change of 0.1 eV in the IPE
(XANES) value is observed and only a0.05 eV change iﬁ 1*-moment (KB XES) value.

Analysis of EXAFS data

No major changes occur in the Fourier-transformed EXAFS spectra between

different oxidation-state species, except for the shorter back-scatter distances of the
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Mn"Mn" mono-p-oxo species. This is also evident for the K*-space spectra, where the
oscillation patterns of the pure oxidation state spectra change only slightly upon oxidation -
(see Appendix 2.6). The intensity of the Fourier peaks at O -2 A depends on the
distribution of the Mn—N/O back-scatter distances. In the case of a large distribution in

metal-back-scatter distances, high disorder is present and smaller intensities of the

Fourier peaks are observed.>! Changes in oxidation state of the Mn atoms alter bond

distances, which influences the intensity of these Fourier peaks. However, these peaks do
not give infofmation on whether the compound is a monomer or dimer. "‘I“herefore‘, the
focus in the Fourier-transformed EXAFS spectra is the Mn—-Mn back-scatter peak at
R’ >20A. If the dimer breaks apért into monomers, this Fourier peak should disappear.
Figure 2.9 shows that no major changes occur for the Fourier peaks at R’ = 2.4 A, in the
.di-p-oxo spectra or at R’ =3 A in the mono-p-oxo spectra. This indicates that the
Mn-Mn backscattering contribution remains intact, and the di-p-oxo and mono-u-oxo
samples consist of manganese dimers. |

Additional evidence is available that the .mono-p-oxo compound is nbt
decomposing during the oxidation stéps. Multiple scattering from the central oxygen

atom enhances the back-scattering of the Mn—-Mn vector, because the Mn—O-Mn moiety
is linea.r.5 3'56_ This causes a higher intensity for this Mn—Mn Fourier peak than for the di-

p-oxo compounds (Figure 2.9). Among the different oxidation states no major changes
are observed in the intensity of the peaks near R’ =3 A. This can be the case only if the

-linear Mn—O-Mn moiety stays intact for the different mono-yi-oxo species.
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Oxidation-state changes and ligand effects on XANES and K XES spectra

The Mn K-edge XANES spectra shift to higher energy upon each oxidation step
of the mono-p-oxo ([Mn™],»Mn"Mn"—[Mn"],) and | di-p-oxo compound
(MannW—>[Mn“']2). This is expected, because the Qverall charge of the atom increases
when a manganese atom 1s éxidized. Consequently, more energy is required to excite an

electron from the 1s to the 4p or higher orbitals. 278

The Mn K-edge energy and shape do not depend solely on the oxidation state of

the manganese atoms (Figures 2.10 and 2.11), but also on the ligand environment. .This
is caused by mixing of the ligand and the manganese atomic orbitals.>” It is possible that

a change in structure and ligand environment will havev an even greater influence on the
main-edge energy and shape than a change in oxidation state. For example, it would be
expected from an oxidation state point-of-view that the Mn™Mn" di—ﬁ-oxo compound
edge would have a higher energy than that of the Mn""Mn™ mono-p-oxo compound.
However, as shown in Table 2.3, the Mn™Mn™ mono-u-0xo compound has a higher IPE
value than the Mn™Mn"" di-p-oxo species. This difference in edge energy (and shape) is
caused by differences in structure and ligand environment between the di-y-oxo and
mMono--o0xo compounds. For example, in case of the linear mono-y-oxo speéies, the
bridging oxygen has the unusual hybridization of sp, which is different from the bridging

oxygens in the di-p-oxo compound or even other mono-u-oxo compounds.13 Therefore,

the mixing of the oxygen and the manganese orbitals is different, and consequently the
region and shape of the K-edge will differ. Beside these major differences in the bridging
oxygen ligands, there are also differences in the terminal ligands of the di-p-oxo and

mono-p-0xo compound. The di-p-oxo compound has only aromatic terminal ligands,
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while the mono-p-oxo compound has a mixture of aromatic and non-aromatic ligands.
Aromatic ligands have unoccupied ©* orbitals which can have strong m back-bonding
interactions with the manganese d-orbitals.: Thesé interactions are different for non-
aromatic orbitals. Therefore, the shape and region of the XANES spectra are also
dependent on the terminal ligands.

- All oxidation steps of the mono-p-oxo and di-u-oxo compounds involve removal
of an electron from Mn™ t§ produce Mn'Y, without any majér changes in ligand

‘environment (see also Analysis of EXAFS).3%404243 Therefore, no major changes are

expécted for the difference spectra of the two oxidation steps of mono-p-oxo compound.
However, Figure 2.12° shows that the shépe, intensity and peak energy of the main
XANES K-edge difference features do depend on the starting oxidation state of the
compound.. The same applies to the pre—edge, where in the case of the mono-p-oxo
compound, a difference feature is observed for the first oxidation step
(IMn™],»Mn™Mn"). How_ever; no such feature is observed for the second oxidation
“step (Mn""Mn"—[Mn"],). This dependence of the difference spectra on the kind of
oxidation step indicates that the two'an atoms are affecting each other in some way.
This behavior can be explained in two possible ways: differences in delocalization of
charge or exchange coupling through the bridging oxygen(s). If valence delocalization
occurs, the first oxidation step should present a [Mn3“]2—>.[Mn3‘5‘“]2 transition and the
secoﬁd oxidation step would present a [Mn3'5‘“]2—>[Mn""“].2 transition. This could explaiﬂ

the changes in difference spectra between the two oxidation steps, because the two

oxidation steps are not the same. However, Horner et al.*' found that the mono-p—bxo

oxidation-state species are valence-trapped (Robin-Day class 1).° Therefore, the
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interaction between the Mn atoms needs to happen via the bridging oxygen. This

explanation is supported by the fact that the mono-p-oxo species are strongly anti-
ferromagnetically coupled.* This again exemplifies how important the bridging ligands

can be to the changes observed in the Mn K-edge XANES spectra upon oxidation.

The 1% moments of the .KB,,3 peak energy are equal, within the error of the
method, for the mono-p-oxo and the di-y-oxo compound in their Mn "Mn" or Mn""Mn"
oxidation state (Table 2.3, add + 0.02 eV to error values when di-p-oxo and mono-p—oxo
are compared). ThisAindicates that the energy of the Kf, ; peék is determined mostly by
the oxidation state of the manganese atom rather than the ligand environment. This ‘is
also evident from the difference spectra of -the méno-p-oxo and the di-p-oxo compound
(Figure 2.14). Not only are the energies of the maximum, minimum and zero crossing
the same for thé difference spectra of all the oxidation transitioné, but the intensity is also

similar. This also shows that the shape of the Kf, ; peak is less ligand-dependent than it
is for XANES. K XES reflect the transition of a 3p electron to a 1s hole.?” The energy

of the 3p level is affected by the magnifude of the 3p—3/d exchange interaction. This
exchange interaction is mainly determined by the number of unpaired electrons in the 3d
level and is less affected by changes in the energy of the 3d levels due to ligand-field
interactions. In addition, the 3p orbitals are smaller than the 3d and 4p orbitals, and .
therefore have less overlap with the 2p and & orbitals of the ligand environment. Thus,

the 3p orbitals (KB XES) are less sensitive to the ligan'd environment than the 4p orbitals

(XANES).
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2.5 Conclusions

Due to the purity, low degree of decomposition, ‘and high degree of completion of

the oxidation reactions, the measured data needed only small corrections to obtain the
- pure oxidation-state spectra for each compound. This is evident from the minor
differences between measured »and deconvoluted data. This :enabled us to study the
dependence of Mn K-edge XANES and Mn Kf§ XES spectra on ligand environment and
oxidation state for thesé two specific compounds in solution with a high degree of

reliability.

Thé Mn Kfedge XANES spectra give i'nfor.mation on both the oxidation state of
the manganese atoms and on their ligand environment. These speétra show energy shifts
of 0.8-2.2¢eV for oxiciation-state changes and 0.4 - 1.8 eV fof ligand-environment
changes. This dependence on oxidation state and ligand environment is especially
evident in the XANES difference spectra. Therefore, care must be exercised when
corrélating the Mn K-edge energies to manganese oxidation states without taking into
account the nature of the ligand environment. This is especially a problem when'sets of
compounds with different ligand structures, different nﬁclearities, and different analysis
methods to determine edge positions are ﬁsed to infer oxidation-state information about
biological systems, such aé in Kuzek et al.®° However, there is a correlatién between
manganese oxidation state and Mn K-edge energy if the ligand environment stays the
same, i.e. the edge shift to a higher energy upon oxidation within a given compound. No
such correlation exists for the pre-edge feature, which shows an energy shift of 0.8 eV for

the first oxidation step of the mono-p-oxo compound, but only 0.1 eV for the second
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oxidation step. This difference in behavior of the main Mn K-edge and pre-edge is
because each feature is due to transitions to different molecular brbitals.

The KB XES spectra show an energy shift of ~0.21 eV for oxidation state-changes
and only ~0.04 eV for ligand-environment changes. Therefore, this method is less
dependent on the ligand environment of the manganese atoms than on the oxidation
states. Additional comﬁounds are being studied to see whether there is indeed such a
Strong correlation between oxidation state and Kp, ; peak energy. Furthermore, multiplet
calculations are being performed to enhance our theoretical .understa_nding of KB XES
spectra. Based on currently available data, KB XES seems to be an accurate method to |
determine the oxidation state of m:cmganese atoms, in model compounds and biological

systems, such as PS 0.2 The study of the different behavior of the XANES pre-edge and

main edge in conjunction with KB XES can provide much information about the

character of the ligand environment of manganese atoms. In conclusion, Mn K-edge

XANES and Kp XES are complementary methods, which give a wealth of information

about oxidation state and ligand environment of the manganese atoms in model -

compounds and biological systems. !
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2.6 Appendix

UV/vis spectra of the mono(1l1,11I) and mono(II1,IV) samples

Figure 2.15 presents the UV/vis spectra of the mono(1ILIII) and mono(I11,IV)
samples of the mono-p-oxo compound. The mono(IILIV) spectrum is used to calculate
the degree of conversion during the first oxidation step, from the published absorption
coefficient data and the UV/vis absorption values at 335, 380, 400, 480, 495, and 550nm,
using a least-square fit. The mono(IILIII) spectrum is used to calculate the starting
mono-p-0xo compound concentration of UV/vis absorption at 380 and 495nm, which is

used as a control of the least-square fit method. (See Results - analysis of mono-y-oxo

compound.)

I’-space EXAFS spectra

Figures 2.16A and B present the k’-space XANES spectra of the oxidation-state
species of the di-y-oxo and mono-u-oxo species, respectively. These spectra, along with
the Fourier-transformed XANES spectra (Figure 2.9) are used to determine the integrity
of the samples. If the compounds are decomposing, the Mn-Mn backscattering
contribution would disappear, which greatly influences the frequency, amplitude and
phase components of the k’-space XANES spectra. However, only minor changes are
observed, indicating that no decomposition occurred of the di-p-oxo and mono-p-oxo

moieties. The slight changes observed are due to the changes in bond distances.
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Figure 2.15 Measured UV/vis spectra of the mono-u-oxo compound samples
mono(IILIII) (green) and mono(IILIV) (black), i.e. the starting solution,
and the solution at the end of the first oxidation step (Mn"'Mn"™ —Mn""Mn"),

respectively.
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Wavevector (A-1)

Figure 2.16 (A) The deconvoluted k’-space EXAFS spectra of the pure oxidation-state
Mn"™Mn" (black) and Mn""Mn" (red) species of the di-u-oxo compounds.
(B) The deconvoluted k’-space EXAFS spectra of the pure oxidation-state
Mn""Mn"(blue), Mn"™Mn" (black), and Mn""Mn" (red) species of the mono-

U-0x0 compounds.
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Measured vs. Deconvoluted XANES spectra

Figures 2.17, 2.18 and 2.19 present the measured and deconvoluted Mn K-edge
XANES spectra for the Mn""Mn" di-p-oxo species and the Mn™™n" and Mn"Mn"
mono-u-0xo species, respectively. As can be seen from Figure 2.17, the correction made
to obtain the pure oxidation-state spectrum for the Mn™Mn"" di-u-oxo species has a
minor effect. However there are some slight differences observed for the Mn"'Mn" and

Mn""Mn" mono-p-oxo species between the measured and deconvoluted spectra (Figure

2.18 and 2.19).

Measured vs. deconvoluted Mn K3 XES spectra

Figures 2.20, 2.21 and 2.22 present the measured and deconvoluted Mn Kf3 XES
spectra for the Mn""Mn'" di-u-oxo species and the Mn™Mn" and Mn"“Mn" mono-p-oxo
species, respectively. As can be seen from Figure 2.20, the correction made to obtain the
pure Mn"“"Mn" di-p-oxo spectrum is so small that differences between the measured and
pure oxidation-state spectra are hard to detect, as is the case for the XANES spectrum.
However, there are some slight differences observed, for the Mn™Mn" and Mn""Mn"

mono-u-oxo species, between the measured and deconvoluted spectra (Figure 2.21 and

2.22).
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Figure 2.17 Comparison of the measured and deconvoluted Mn K-edge and 2™
derivative XANES spectra for the di-u-oxo compound. The measured
spectrum is of sample di(IV,IV)y (black) and the deconvoluted pure
oxidation-state spectrum (red) is of the Mn""Mn"" di-u-oxo species. Arrows
indicate the first inflection-point energy of the Mn K-edge XANES spectra of
sample di(IV,IV),, 6552.1 eV, and the Mn"'Mn" species at 6552.1 eV.
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Figure 2.18 Comparison of the measured and deconvoluted Mn K-edge and 2"
derivative XANES spectra for the mono-u-oxo compound after the first
oxidation step. The measured spectrum is of sample mono(IIL,IV) (black)
and the deconvoluted pure oxidation-state spectrum (red) is of the Mn"Mn""
mono-u-oxo species. Arrows indicate the first inflection-point energy of the
Mn K-edge XANES spectra of sample mono(IILIV), 6551.4 ¢V, and the
Mn""Mn" species at 6551.7 €V.
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Figure 2.19 Comparison of the measured and deconvoluted Mn K-edge and 2™
derivative XANES spectra for the mono-u-oxo compound at the end of the
second oxidation step. The measured spectrum is of sample mono(IV,IV).
(black) and the deconvoluted pure oxidation-state spectrum (red) is of the
Mn""Mn" mono-p-oxo species. Arrows indicate the first inflection-point
energy of the Mn K-edge XANES spectra of sample mono(IV,IV),,
6552.4 €V, and the Mn"'Mn" species at 6552.5 eV.
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Figure 2.20 Comparison of the measured and deconvoluted Mn Kf3 XES spectra for the
di-u-oxo compound. The measured spectrum is of sample di(IV,IV), (black)

and the deconvoluted pure oxidation-state spectrum (red) is of the Mn"'Mn'""

species, both have a I moment of 6490.01 eV.
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Figure 2.21 Comparison of the measured and deconvoluted Mn K3 XES spectra for the
mono-u-oxo compound after the first oxidation step. The measured
spectrum is of sample mono(IILIV) (black) and the deconvoluted pure

oxidation-state spectrum (red) is of the Mn™Mn" mono-u-oxo species, with

first moments 6490.23 eV and 6490.18 eV, respectively.
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Figure 2.22 Comparison of the measured and deconvoluted Mn K3 XES spectra for the
mono-u-oxo compound at the end of the second oxidation step. The
measured spectrum is of sample mono(IV,IV) (black) and the deconvoluted
pure oxidation-state spectrum (red) is of the Mn" Mn" mono-u-oxo species,

with I* moments 6490.01 eV and 6489.96 eV, respectively.
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3.1 Introduction

~ In situ FTIR spectroelectrochemistry has proven useful for elucidating the
structure of chemical intermediates and studying the redox chemistry of a wide range of

molecules. In the past, many in situ infrared spectroelectrochemistry designs have been

proposed and developed.l'3 These designs range from transmission electrochemical cells,

using minigrid electrodes,*® to designs utilizing reflectance methods with either totally

10-12 electrodes. These techniques have addressed the

13-16

reflective or transparent

problem of absorption of IR radiation by bulk solvent, but most 'designs do have other
problems. For example, minigrid electrodes have scattering problems, and thin-cell
transmittance designs in general are sensitive to leakage and are difficult to purge of
oxygen. Because previous reflectance methods have measured the‘electro_chemical
speéies near and on the electrodes, their spectra may differ from the species in the bulk
solution. Transparent electrodes generally have specific IR features, which can block
important spectral regions. Also, reflectance approaches have had limited success in A

obtaining IR spectra using both highly reflective and conductive electrode materjals.'*1®

The versatile in situ infrared spectroelectrochemistry design presented here has a

wide spectral range: 16,700 cm™ - 2250 cmb'1 and 1900 - 250 cm™. It requires a small
total sample volume (0.7 mL) whi'ch can be purged easily. The design is resistant to a
variety of solvents, and different types of electrodes can be utilized. Good signal-to-
noise is obtained for concentrations of ferrocene as low as 1 mM. The design is based on

an attenuated total reflection (ATR) device that was developed for following chemical

reactions in situ using FTIR spectroscopy.”’18 This device is modified to perform
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- preparative electrochemistry, permitting measurement of the TR spectrum of the bulk
solution near an ATR window. The system is tested with ferrocene, and the resulting IR

spectra are compared to spectra previously published using transmission electrochemical

cells.>® The system has been successfully applied to analysis of nanosecond IR spectra of

a series of substituted [Ru(bpy)3]2+ complexes. Transient MLCT excited-state IR features

were identified by comparison with oxidized and reduced species.'” In addition, this

method has been used to study' changes in the vibrational features of [Mn406(bpea)4]4+

upon reduction, at concentrations of ~2 mM (see Chapter 4)%

3.2 Experimental

Spectroelectrochemical apparatus: The spectroelectrochemical apparatus
cons?sts of a home-built electrochemical cell 'designed to .interface with an ASI
_ Dura;SamplIRTM (Applied Systems Inc., Annapolis, MD) ATR acceséory. The IR beam
passe:s through a KRS-5 support element and a 3 mm diamond sensing windowvof the
ATR device, providing a wide spectral range of 16,700 cm™! — 250 cm'l, with a small
opaque region of 2250 — 1900 cm'l; Figure 3.1 shows the électrochemical cell, including
the clamp that attaches the cell to the stainless steel interface plate of the ATR accessory.
The electrochemical celi, constructed frqm a Teflon disk, is bolted to the clamp. A slotis
excavated from this disk to make space for the‘ reference and auxiliary electrode, and a
small circular cavity inside this slét 'vprovi.des contact between bulk solution and diamond
sensing window. Figure 3.2 gives a sideview of the cell along the long axis of the slot in

the disk, which requires a sample volume of approx. 0.7 mL. A scal between the Teflon -
| -99 -
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disk and interface plate of the ATR device is provided by a butyl O-ring (which is-
resistant to acetonitrile).

Electrochemistry: The working electrode consists'of a Pt wire (0.5 mm dia.)
connected to a 6 mm diameter disk of Pt gauze (52 ‘mesh woven of 0.1 mm dia. wire).
The auxiliary electrode is similarly constructed with Pt gauzé and is placed inside a
fritted glass tube to allow electrochemical contact while minimizing diffusion of
electrochemical products. A non-aqueous (CH;CN, 0.1 M TBA(PFG)) Ag/AgClO,
reference electrode is used. This electrode is isolated 'fror.n the bulk solution by an
additional électrolyte bridge (a glass tube fitted with a vycor tip), which is changed
between samples to avoid contamination (Figure 3.2). The interface plate of the ATR
accessory is grounded by connection to the ground of the voltamméter.

- The electrolyte solution (0.1 M TBA(PF) in acetonitrile) is dried over Al,Os,
bubbled with Ar, and kept under a constant flow of Ar throughout the experiment. To
minimize évaporation and the resultant change in compound concentration, the Ar is
bubbled through_dry CH;CN (Al,03). Ferrocene is obtained from Aldrich. The
electrochemistry is conducted using a BAS CV-27 Voltammetry Controller. Oxidation of
the ferrocene is performed at +0.6 V and reduction at —-0.4 V vs the Ag/AgClO, reference
electrode (E,,[ferrocene] = +0.1 V).

FTIR spectroscopy: The FTIR spectra are collected using a Bruker IFS88 FTIR

spectrometer, using a broad band MCT detector (lower cut-off 400 cm“). Before each

experiment, the absorption spectrum is checked at the 1375 cm and 1038 cm™’

acetonitrile peaks, and if the values are not ~0.13 and ~0.09 respectively, the working

electrode is adjusted to remove air bubbles that are presumably trapped on the diamond
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window below the working electrode. All spectra are taken at a resolution of 4 cm™", and
absorption spectra consist of 100 averaged scans. Spectra taken during electrochemistry
are recorded in rapid scan mode (128 ms per scan) and 100 scans are averaged into a scan

group (12.8 s).

Teflon lid -

Figure 3.1. The electrochemical cell that is designed to fit onto the ASI DuraSamplIR™
' ATR accesory, consisting of an aluminum base clamp, a Teflon disk from
which the cell compartment is excavated and a Teflon, airtight lid A total

sample volume of approximately 0.7 mL is required.
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L

Ag/AgClO4 Pt working electrode
reference electrode — %
| y; Pt auxiliary electrode
5
4T i
3 | )
2+
T - argon gas
T electrolyte — jus
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Teflon lid —
Teflon disk < .@ go |

- ®
aluminum clamp : 3mm diamond
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)

stainless steel interface plate KRS-5 support element

Figure 3.2 Cross section of the electrochemical cell and the stainless steel interface
plate of the ATR accessory, along the long axis of the excavated slot. A total

sample volume of approximately 0.7 mL is required.
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3.3 Results and Discus.éion

Figure 3.3 shows the FTIR absorption spectrum of a 5 mM ferrocene electrolyte

solution in the spectroelectrochemical cell, which is dominated by the bulk solvent and

electrolyte. Characteristic peaks of ferrocene, such as those at 1107 and 1005 cm™, are
too small to be observed. Thefefore, it is necessary to obtain difference spectra of the
solution before and after electrochemi.stry. The advantage of taking difference spectra is
that signals that do not change upon redox chemistry are eliminated, and only the relevant

signals remain.

PFg
0.4 — - b
o
c 0.3 —
©
2
S |
9 0.2 - MeCN PE.—
< : | J \ 6
0.1 MefN ‘L
O J—m
[ l LI li 1 l } i
4000 3000 2000 1000

Wavenumber (cm™1)
Figure 3.3 FTIR absorption spectrum of 5 mM ferrocene, 0.1 M TBA(PFg) in

acetonitrile solution before electrochemistry ( average of 100 scans at 4 cm™

resolution).
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Figure 3.4 shows the FTIR absorption difference spectra during the oxidation (Fe"

to Fe™) of a 5 mM ferrocene solution, 0.1 M TBA(PFy) in acetonitrile. A decrease of the

ferrocene peaks at 1107 and 1005 cm™' can be observed as a function of time
- (corresponding to scan-group number in Figure 3.4) after starting the oxidation. The
signals associated with the oxidized ferrocene attain their maxirﬁum after roughly 6 scan
groups (600 scans is about 80s). When electrochemistry is performed on low

concentrations of electrochemical species certain background signals arise, such as at

1040 cm™'. These bands can be distinguished ‘here due to their different dynamic
behavior relative to those associated with ferrocene. In addition to their difference in
dynamic behavior to ferrocene, the mentioned background signals are electrochemically
non-reversible. |

Based on these differences of the signals, an experimental procedure is performed
where IR spectra are taken while alternating between oxidation and reduction periods.
This enables us to make a distinction between reversible (ferrocene/ferricinium) and non-
reversible (solvent and electrolyte) signals. These electrochemical periods, consisting of
16 scan groups (~20S5 s), are vchosen to minimize the rise of the solvent signals, while
maximizing the ferrocene signal. To obtain the difference spectra, the last 12 écan gréups
before oxidation (or reduction) are averaged and subtracted from the average of scan
group 5-16 after oxidation (or reduction). The first 4 scan groﬁps are not used because of
their small signél contribution. Figures 3.5, 3.6 and 3.7 show the difference spectra
obtained for the first oxidation (pﬁrple) and reduction (blue) periods. All difference
spectra are presented such that features due to ferricinium are positive and ferrocene are

negative. Consequently, reversible features have the same sign in both the oxidation and
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reduction spectra, and non-reversible features have the opposite sign. Reversible features

are indicated with arrows.

ferricinium

A Absorbance

ferrocene

-_—

| ! l
1150 1100 1050 1000 950

Wavenumber (cm™1)

Figure 3.4 FTIR difference spectra at different times during the oxidation of a 5 mM
ferrocene, 0.1 M TBA(PFg) in acetonitrile solution. The numbers refer to
the scan group taken after starting the electrochemistry (each scan group

contains 100 scans of 128 ms), from which one scan group taken before

electrochemistry is subtracted. Spectra are measured at a 4 em™ resolution

(ferricinium has positive peaks and ferrocene has negative peaks).
Two types of non-reversible features can be distinguished by their different
dynamic behavior. The features at 840 and 550 cm ' are due to the counter ion PFg (see

also Figure 3.3). These signals are expected to be reversible, because PFq is the counter
ion to the ferrocene/ferricinium couple. However, even though great care is taken to

prevent evaporation of acetonitrile, a constant increase in concentration is observed,
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which overwhelms the reversible behavior of the counter ion features. (Reversibility of
PFs has been observed in other experiments.) These are the only two features that occur

when no potential is applied to an electrolyte solution, i.e. without ferrocene present.

However, when a potential is applied to the electrolyte solution, non-reversible signals
occur, such as at 2900 cm™ in Figure 3.5, at 1478 cm™ and 1040 cm ™ in Figure 3.6, and

at 740 cm™ in Figure 3.7. This indicates, that these non-reversible features are due to
decomposition of the electrolyte solution. All these features are underneath acetonitrile
absorption peaks (see Figures 3.3 and 3.7). Therefore, the non-reversible features are
most likely due to changes of acetonitrile.

Each oxidation and reduction period is performed twice and averaged. The sum
spectrum (black) is obtained by subtracting a fraction of the averaged reduction spectrum
from the oxidation spectrum. The fraction is chosen so that all non-reversible features
due to the acetonitrile are minimized over the whole spectral range (4000 cm™ -
400 cm™). This fraction is 0.82 for the sum spectra in Figures 3.5, 3.6 and 3.7. The sum
spectra show several signals due to the ferrocene/ferricinium species. Upon oxidation of
ferrocene, new vibrational features appear at 3114, 1419, 1014, 458, and 440 cm .
Vibrational features at 1107, 1005, 819, 494, and 479 cm”™ disappear due to the formation
of ferricinium. The difference features at 1107, 1014, and 1005 cm! agree with

5,9,10

previously published data, indicating that this spectroelectrochemical design and

method of data acquisition is viable with low concentrations of electrochemical species.
To the knowledge of the authors, this is the first time that the IR difference features at
3114, 1419, 819, 494, 479, 458, and 440 cm' have been observed and assigned to

vibrational changes of ferrocene when oxidized into ferricinium. The inset of Figure 3.6
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shows the sum difference spectrum for a 1 mM ferrocene solution. Even though the

spectrum is noisy, the two features at 1107 and 1005 cm”' can be observed. With more

signal-to-noise averaging, i.e. averaging more oxidation and reduction steps, one could

presumably go to even lower concentrations.

ferricinium

[}

8]

C

3 | j |
5 '
< [T M
< - '

ferrocene red.
LN L B S R B B B
4000 3600 3200 2800 2400
Wavenumber (cm™1)
Figure 3.5 FTIR difference spectra of ferricinium/ferrocene, of a 5 mM ferrocene,

0.1 M TBA(PFg) acetonitrile solution for 4000 - 2300 cm™" range. Each
graph shows difference spectra of the first oxidation (purple) step, first
reduction (blue) step, and the averaged sum of two oxidations and two
reduction steps (black). Arrows indicate reversible absorption peaks that

can be ascribed to either ferrocene or ferricinium. Spectra are taken at

-] %
4 cm " resolution.
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Figure 3.6 FTIR difference spectra of ferricinium/ferrocene, of a 5 mM ferrocene,
0.1 M TBA(PFg) acetonitrile solution for the 1800 - 900 cm™ range. Each
graph shows difference spectra of the first oxidation (purple) step, first
reduction (blue) step, and the averaged sum of two oxidations and two
reduction steps (black). Arrows indicate reversible absorption peaks that
can be ascribed to either ferrocene or ferricinium. The inset is the sum

difference spectrum of a 1 mM ferrocene electrolyte solution (brown).

Spectra are taken at 4 cm™ resolution.

- 108 -



Chapter 3
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Figure 3.7 FTIR difference spectra of ferricinium/ferrocene, of a 5 mM ferrocene,
0.1 M TBA(PFg) acetonitrile solution for the 900 - 400 cm™ range. Each
graph shows difference spectra of the first oxidation (purple) step, first
reduction (blue) step, and the averaged sum of two oxidations and two
reduction steps (black). Arrows indicate reversible absorption peaks that

can be ascribed to either ferrocene or ferricinium. Spectra are taken at

o] o
4 cm " resolution.
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3.4 Conclusion

Figures 3.4, 3.5, 3.6, and 3.7 show that FTIR difference spectra of ferrocene in
different oxidation state can be obtained using the spectroelectrochemical design. The
sensitivity of the method is enhanced by applying the experimental protocol of alternation
between oxidation and reduction periods. This protocol enables us to eliminate the non-
reversible background signals. Consequently, good signal to noise ratios of ferrocene for
concentrations as low as 1 mM are obtained. This spectroelectrochemical design and

experimental protocol also have been used successfully to study the vibrational features
of [Mn406(bpea)4]4+ and the reduced species, at concentrations of ~2 mM (Chapter 4).20
In addition, this method has been applied to identify features in nanosecond excited-state
IR spectra of asymmetrically substituted [Ru(bpy)3]2+-type complexes at concentrations
of 5-10 mM." IR features corresponding to Ru™(bpy) and the reduced ligand (bpy~)

were identified by comparison of the spectra from the transient MCLT excited-state IR
with that of the electrochemically prepared species. This indicates, that
spectroelectrochemical design and experimental protocol can be used for variety of
inorganic complexes.

A drawback of this design is that the response time of the compound signal is
dependent on the rate of diffusion. Therefore, the dynamic behavior during
electrochemistry is dependent on the size of the studied compound and the distance
between working electrode and sensing window. To eliminate the diffusion dependence
the bulk solution needs to be stirred, accelerating the rate of electrochemistry, improving
the signal-to-noise ratio, and reducing background signal problems. To facilitate this

enhancement a stir rod could be added through the Teflon lid and a basket shaped
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working electrode could be used, instead of a disk shaped one.

Several other permutations of the cell can be envisioned. For example, the total
volume could be reduced using micro reference and auxiliary elecfrodes. The Pt working
electrode could be of another electrode material, for example reticulated vitreous carbon.
If experiments ét a lower temperature are required a cooling jacket could be added in the
Teflon disk around the cell slot (the ASI DuraSamplIR™ ATR accessory is stated to give
reproducible results down to about 230 K). The flexibility of our design allows for these

and other modifications.
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4.1 Introduction

The supply of the world’s oxygen is a by-product of the water oxidation process

carried out by organisms of oxygenic photosynthesis, such as cyanobacteria and green

plants. Waterb oxidation takes place in a trans-membrane protein cluster, Photosystem II
(PS II), where it is cétalyzed by the oxygen-evolviﬂg complex (O‘EC). A photon-induced
electron abstraction from the OEC occurs during each of the first four state transitions of
the catalytic cycle (S,—S,, $,—-8S,, S,—S,, S3—>[S4]—>So).1 Dioxygen is releaséd when
the S, state retu;ns to the S, state, §ia the hypothesized S, state.

Although great progress has been made in obtaining a high-resolution crystal

structure of PS 11,2 most of our knowledge about the OEC has been obtained from X-ray

absorption3'7 and EPR spectroscopy.g'11 From these studies, it is known that the OEC

contains four manganese atoms which are arranged in two to three di-p-oxo moieties and
one mono-p-oxo moiety. In addition, two co-factors, Ca** and CI, are required for water
oxidation. One or two histidines are directly ligated to one of the manganese atoms of

the OEC, while glutamate and aspartate provide most of the other the terminal ligands to

the OEC.'*!* During the first two state transitions (S,—S,, $,—S,) an electron is

abstracted from Mn.!>!'® However, during the third state transition (S,—S;) X-ray

spectroscopy studies indicate that oxidation of manganese is unlikely; an electron may

instead be extracted from a nearby ligand.”>!® The synthesis and study of a wide Variéty'
_ y Lg y y

of manganese model compounds have been critical for the interpretation of the X-ray and

EPR spectra of the OEC.>1%%
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Recently vibrational spectroscopy has been added as an investigative tool to study
the structure and mechanism of the OEC. Changes during the catalytic cycle in the

1800 - 1200 cm™ range, which contains vibrations of the protein-residues ligated to the

OEC**! are complemented by those of the Mn-ligand vibrations, specifically the Mn—O

vibrations, which occur in the 200 - 1000 cm™ rangeb (Table 4.1).26’32 However, several

complications arise in measuring and interpreting the Mn-ligand vibrations by either
infrared or Raman spectroscopy.
In infrared spectroscopy, the Mn-ligand vibration region is obscured by the
, absorptio'n> of water preseﬁt in the biological preparations. Additionally, most detectors
have a low signal to noise ratio for frequencies below 600 cm™. Nevertheless, Chu et

al 263233 were able to obtain IR difference spectra of the S;—S, transition of the OEC in

the 350 - 1000 cm™ range, using a helium bolometer detector and special IR filters>*

which improved the signal—to—-néise—-ratio. They h‘ave identified a Mn—O-Mn vibration
at 625 cm™ in the S, state, which shifts to 606 cm™ in the S, state (596 ém“ in the ’SO-v
treated sample). - |

To apply Raman spéctroscopy to the OEC successfully, the fluorescence_ of

chlorophylls and carotenoids present in PS II, needs to be addressed. Recently, Cua et
al.*> have worked around this complication and obtained low frequency (220‘- 620 cm™)

Resonance Raman spectra. An excitation wavelength of 820 nm was used, which is

outside the main absorption of the pigments, and which coincides with an electronic -
transition of the Mn cluster.’** To mitigate the remainder of the fluorescence from the

pigments, the technique' of shifted-excitation Raman difference spectroscopy
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(SERDS)“O’F41 was utilized. Two absorption frequencies at 348 cm™ and 476 cm™ were

tentatively assigned to Mn—-O vibratiohs and are sensitive to isotopic exchange of D for
H. Such vibrational assignments of the OEC are supported by the studies of knéwn
manganese compounds. |

As for th¢ X-ray and EPR spectroscopies, vibrational spectra of manganese model
compounds are indispensable for the interpretation of the IR and Raman spectra of the
OEC. Table 4.1 gives the vibrational frequencies observed for a vari¢ty of Mn moietiés
in manganese compounds. Different kinds of Mn-O stretching modes occur in the 500 -
900 cm™ range, while Mn-O bending modes occur in the 300 - 450 cm™.  Mn-halide
vibrations can occur from 100 cm™ to 720 cm™, depending on the oxidation state of the
manganese. Mn-terminal/chelating ligand vibrations occur in the 100 - 400 cm™ range.
In addition, other vibrations of the ligating molecule occur in the 200 - 1000 cm’™ range.
Consequently, conclusive identificaﬁon of specific Mn-ligand vibrations is complicated.
Therefore, a more extensive understanding of vibrational spectra is required. Isotopic
exchange, such as '“0—'0, is necessary to positively distinguish Mn-O vibrations from
those of the terminal ligating molecule. Additionally, isotopic exchange is also necessary
to identify modes that are indicative of the oxidation state of the Mn atoms. Normal-
mode anélysis of the compound is required to understand the pattern of the identified
vibrations and to extract force constants. These force constants can be used to predict

and analyze the vibrational spectra of other compounds and the OEC
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Table 4.1 Vibrational frequency regions of IR- or Raman-active Mn-ligand modes.

Type of compound Ox. state Type Range (cm™) |  Ref.
(porphyrin)Mn=O Mn" stretch 711-757 42
porphyrin)Mn=
' Mn" stretch 970 - 981 43,44
stretch 763 - 838 45-47
Mn"
bend 316 - 349 45417
- 4- 45,48,49
(MnO,)* v stretch 814 - 888 . 48,
Mn bend 325-332 45
v stretch 822 -936 45,48-51
Mn
bend 349 - 429 45.50
Mn"Mn™ stretch 551 -764 52-55
Mn-O-Mn — :
MONO-J1-0X0 Mn"Mn stretch 681 . 56
Mn"“Mn" stretch 794 57
Mn—-0,-Mn Mn"Mn" stretch 589-700 | 20,52,56,58-63
di-p-oxo MnMn" stretch 640 -705 | 20,52,56,63-67
Mn-O,-Mn Mn""Mn" stretch 670 - 701 68,69
tri-pu-0xo
Mn"-Cl1 stretch 158-347 70-73
o_ - 70,72,73
Mn—X Mn™-Br stretch 138-226 7
1
X = halide Mn"-I1 stretch 108 - 193 72,73
Mn""-Cl stretch 453 - 459 74
Mn"-F stretch . 710-1716 75
Mn"CLMn" stretch 160 - 210 76-78
Mn-X,-Mn Mn"Br,Mn"|  stretch 115-175 71,78
Mn"LMn" |  stretch 103 78
Mn"-N stretch 230 - 240 76
Mn-terminal/chelating - .
‘ligand; non-halide Mn™-O stretch 335-377 70,76
| Mn"-N stretch 175 - 342 77-79
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Table 4.2  Published Mn-0, and Mn—halide force constants.

[MnIHZO(OZCCH3)2(HB (pz)5).]

Type of compound Force constants (mdyn/f&) Ref.
[HO-Mn"_OH}(TMPyp) | fyy, o = 2.46 42
(solv. CH,CL,)
[HO-Mn"-O)(TMPyp) | fymo =343 foy=72 42
(SO]V. CH2C12) | an—OH = 2.6 an—OH/O—H = 0.3
[CI-Mn"“-O](TMP) fino = 4.15 42
(solv. CH,CN)
' [CI-Mn"-O](TPP) fiy0=4.15 42
(solv. CH,Cl,)
N fi0=5.01 f,=0.39 45
- M0, (aq) fumommo=039 | £, =002
— £, o =4.88 f,=0.35 45
[Mn"O.J™ (ag.) £ oo =045 | f,.=0.07
o f.0=5.79 f,=0.59 45
Mn""0,] (aq.
- [Mn™0.1" (aq) furommo=028 | f,,=0.1
e £, o= 633 fop =427 —4.40 74,75
Mn™O,F frn-omn-o = 0.29
. fi5,0=6.31 fiy = 2.56 74
MnO,Cl Fyn o 0 = 0.24
MnVIC14 an—Cl = 1.31 - 1.40 72’73
Mn"'Br, foyo g = 1.17 72,73
Mn"1, finy = 0.76 — 1.01 72,73
fi0=3.34 forn oo = 0.74 55

*TMPyp = tetrakis(methylpyridinium)porphyrin; TMP = tetramethylporphyrin;
TPP = tetraphenylporphyrin; HB(pz), = hydrotris(1-pyrazolyl)borate
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Table 4.2 presents a list of the few force constants that have been previously
published. From this table several trends can be observed. For example, the higher the
manganese oxidation state, the stronger the Mn—O bond. This is true for the porphyrin
compounds and, to a lessér extent, the [MnO,]* compounds, with the [Mn"'0,1*
compound as an exception. A stronger Mn—O bond can cause the vibrations to have a
higher frequency, as can be seen in Table 4.1, for the porphyrin and the [MnO,]*
conipounds. However, the p-oxo bridged compounds in Table 4.1 show that this is not
always true. The bond strength is determined not only by the oxidation state of the
manganese but also by the ‘electroneg.ativity of the bridging and terminal ligands, which
can be seen for the MnO;X and the MnX,> compounds. | The Mn-ligand interaction is
also influenced by the strength of the other Mn-ligand bonds. This can be seen by
comparing the MnO3X compounds ’with the [MnO,]” compound. Force constants also are
altered slightly when a compound is a solid' or when it is in solution. Even though some
trends can be observed, only the last compound in Table 4.2 contains a moiety which is
rel_évant to the OEC. Therefo're,. more vibrational studies are required of manganese

compounds in oxidation states relevant to the OEC.
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Figure 4.1 The adamantane-like manganese compound [Mn'" 0 (bpea)']**, where the

ligand bpea is N,N-bis(2-pyridylmethyl)ethylamine. -
This chapter presents IR spectra and a normal-mode analysis of the tetranuclear
adamantane-like Mn compound [Mn" ,O¢(bpea),]**, where bpea -is the terminal ligand
' N,N—bis(2-pyridylmethyl)ethylamine (Figure 4.1).3° The ligénd, bpea, has one non-
aromatic nitrogen (indicated by an asterisk in Fiéufe 4.1) and two aromatic nitrogens

ligated to Mn. Due to the structure of bpea, the compound appfoaches S, symmetry.
This compound has an infrared Mn-O-Mn stretch mode at 709 cm™, which shifts to
675 cm™ upon 'O to *O exchange.®® This ffequency is close to 730 cm™, which was
identified as a Mn—O vibration for the structurally analogous [Mn"™,O(tacn),]*, where

81

tacn is 1,4,7-triazacyclononane.”” In contrast to bpea, tacn has three equivalent non-

aromatic nitrogens ligated to Mn with the compound close to T, symmetry.,
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The bpea compound in acetonifrile has a reversible wave in the cyclic
voltammegram at E"? = 0.104 V versus SCE (Sténdard Calomel Electrode), for the
(Mn", <_->_Mann“.’3 +¢) redox couple. An attenuated total reflection design for
spectroelectrochemical studieé, presented in Chapter 3,% is used‘ to obtain IR difference
spectra of the adamantané-like compound in the two oxidatiqn states. Using this
electrochemical method, the revérsibility of the redox couple is advantageously utilized
to distinguish IR frequencies of the conipound versus non-reversible background signals.
Additionally, isotopic exchange, *O—"0, is used to distingﬁish Mn-O bridging modes
from the terminal ligand modes. This is the first time that such an IR and normal-mode

analysis has been performed on a manganese compound in two oxidation states relevant

to the OEC.

4.2 Experimental

Preparation of adamantane-like compound. Synthesis and isotopic exchange

of the bridging oxygen atoms, '°O—'80, of the [Mn",O(bpea),]** compound was
performed as described in Dubé ét al.,®% where bpea is N,N-bis(2-
pyridylmethyl)éthylanﬁne, the counter ion is éither Br™ or CIO,". .During the isotopic
exchange a 90% replacement of 'O By YIBO was achieved.*

Electrochemistry. A hofne-built spectroelectrochemical apparatus (described in
Chapter 3)82 IWas used to measure the IR spectra of thé redox species during

electrochemistry. The apparatus consists of an electrochemical cell made of Teflon,

which interfaces with an ASI DuraSamplIR™ (Applied Systems Inc., Annapolis, MD)

- 121 -



Chapter 4

ATR accessory.83'84 The ATR device has a wide spectral range of 16,700 — 250 cm™,

and a small opaque region of 2250 — 1900 cm™. Pt gauze was used for both the working
and counter electrode. To minimize diffusion of electrochemical products but allow
electrochemical contact, the counter electrode was placed inside a glass tube with a fritted
glass disk ét' the end.. The non-aqueous (CH;CN, 0.1 M TBA(PFy)) Ag/AgClO, reference
elecfrode was isolated from the bulk solution by an additional electrolyte bridge (a glass
tube fitted wi‘th a VYCor tip), which was changed between samples to avoid
contamination. |

Before each experiment the electrolyte solution, 0.1 M TBA(PF) in acetonitrile,
was dried over Al,O; and bubbled with Ar. Sample solutions of ~ 2.8 mM
[Mn",'%O(bpea),](C10,), or - 2.5 mM [Mn",**0(bpea),](ClO,), dissol{led in electrolyte
solution were prepared, with a total volume of 0.8 mL. During the elec.trochemistry the
sample solution was under a constant purge of Ar. The Ar was bubbled through dry
acetonitrile (ALO;) to minimize evaporation and the consequent change in compound
concentration. Electrochemistry was coﬁducted using a BAS CV-27 Voltammetry
Controller. Reduction of the Mn", complex was performed at —0.7 V and oxidation at

+0.3 V vs. the Ag/AgClO, reference electrode (E"> = -0.2 V vs. Ag/AgClO, and +0.10 V
vs. SCE)¥.

IR spéctroscopy. A Bruker IFS88 FTIR spectrometer was used to collect the
infrared data. The spectrometer contains a KBr beam-splitter and a broad band MCT
detector (lower cuf-off 400 cm™). KBr disks were used to obtain the IR spectra of both
the solid O and '*O adamantane-like [Mn",04(bpea),]Br, compounds, at a resolution of

1 cm™, each sample spectrum was averaged over 100 scans.
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The IR spectra during the electrochemistry were taken at a resolution of 4 cm™

and were recorded in rapid scan mode (128 ms per scan). The spectra were collected as
described previously in Chapter 3 and are briefly summarized here.®? The experiments

were performed by alternating between reduction and oxidation conditions, enabling a
distinction to be made between reversible and non-reversible signals. Each experiment
. had a redox sequencd of: ox., red., ox., red., ox., where ox. represents oxidizing and red.
is reducing conditions. This sequence enables us to calculate two reduction difference
spectré, during the reduction of the Mn", species (ox. —red.), and two oxidation spectra,
during the oxidation of the Mn™Mn", species (red. — ox.).
During a reduction or oxidation period, 1600 scans were taken and dveraged into
16 separate groups (100 scans per group). To enhance the signal to noise ratio, the earlier
sbe_ctra with small signal intensity were discarded. To determine what groups need to be
' discarded, the time profile of various signals during the electrochemistry was studied.
Reversible signals will have successive maxima dnd minima in the signal intensity during .
the experiment. The averaged maxima and minima were subtracted from each other to
obtain the reduction and oxidation difference spectra.
After each experiment the solution was put under oxidizing conditions for about
30 min, to return the sample to the oxidized state. This conversion was not complete;
‘consequently, the IR difference signals of this $olution were smaller than for the first
experiment. This procedure was repeated twice for each sample, '*O and 0. The
averaged reduction and oxidation dpectra were calculated by. weighting the spectra of
each experjment by the intensity of the reversible 1030/1022 cm™ difference signal. This

corrected the differences in intensity due to the incomplete oxidation between
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experiments.

.All of the difference spectra are presented such that features due to the oxidized
species Mn", are positive and those for the reduced species Mn""Mn", are negative.
Consequently, reversible features have the same sign‘ir'x both the reduction and oxidation
spectra, and non-reversible features have the opposite sign. Therefore, when the
averaged reduction and oxidized spectra are added the non-reversible back-ground
signals are eliminated and only the reversible features remain.

Normal-mode analysis of the adamantane-like compdund, which is described in
detail in Appendix 4.6, was performéd by using the FG-matrix method as intréduced by

Wilson, Decius and Scott.3% The linear algebra calculations of the normal-mode analysis

were performed using Méthematica 3.0 (Wolfram Research). The frequencies of the
normal modes were matched with the observed frequencies by vafying the force
constants in steps of 0.05 mdyn/A. The bending and stretching modes were éssumed to
have no interactions, i.e. the bending force cons.t#nts were set at zero during the
calculations (see Appendix 4.6 for the effect this has on the stretching modes). The
stretch force constants used for the [Mn",04(bpea),]** compound simulations are: (1) the

stretching force constant of the Mn™—O bonds, fr v, and (2) the two stretching coupling
constants between two adjacent bonds with oxygen, f,,, or manganese, f,,, , at the

apex. In the normal mode simulations of the [Mn™Mn",O4(bpea),]** compound the

stretch force constant of the Mn"O bonds, f,, is added as a variable. It is assumed that

the oxidation state of the manganese has no influence on the stretch coupling constants.
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4.3 Results

FTIR spéctra of the [Mn"" ,0(bpea) J** compound

Isotopic exchange of the bridging oxygen atoms, '°0—"*0, is used to distinguish
Mn-O vibrational modes of the adamantane-like compound from the other modeé which
do not involve oxygen atoms, such as vibrationsvof bpea, the términal ligand molecule.
| The FTIR absorption spectra of the [Mn",*O(bpea),]* (black) and [Mn',*O(bpea),]*
(red) compounds are shown in Figure 4.2. Differences betweeﬁ the vibrational.modes of -
the two isotopic species are indicated by arrows. Two appareﬁt changes are observed for
the 10 vibrational modes at 707 cm™ an.d 510 cm™ which shift to 674 cm™ and 490 cm™,
respectively, in the '*O spectrum. A weak absorption band at about 1016 cm™ is
observed for the '®0 compound wilich is not present in the '®O spectrum. This vibrational
mode could be the first overtone of the 510 cm™ mode. HoWever, the '*O band of this
overtone mode, expected to be around 980 cm™, cannot be observed. Therefore, the band
observed at 1016 cm™ is most likely not an overtone, but possibly due to some kind of
contamination. All the other bands that do not shift upon the *0—'*0 exchange are most
likely due to vibrational modes of the terminal ligand, bpea.

Another possible Mn—O mode, detected as a weak shoulder at ~ 745 cm™ in the
10 absorption spectra, is not present in the '*O spectrum. This transition is more evident
in the '*0O-"*0 difference spectrum (blue curve in Figure 4.2). In the difference spectrum
- the weak shoulder at 745 cm™ is a strong, broad vibrational mode which overlaps the
707/674 cm™ difference signal. It is not clear where the '*O cdmpanion of this broad
band appears. However, in the difference spectrum the 707 cm™’ signal i§ weaker than

the 674 cm! signal. Upon isotopic exchange, only the frequency of vibrational modes is
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expected to shift not the intensity of the transition. Therefore, this change in signal
intensity is possibly an indication that the '®O companion of the 745 cm™ peak is
underneath the 707 cm‘;. Figure 4.3 shows that the difference signal around 700 cm™ can
be simulated by two '°O-absorption bands at 745 cm™ and 707 cm™ (black curves), and
two '®0-absorption bands at 705 cm™ and 674 cm™ (red curves). This indicates that the
745 cm™ mode indeed shifts to 705 cm™ upon isotopic exchange, and is underneath the
'*0 species 707 cm™ mode in the difference spectrum. All of the observed IR modes,

their bandwidth at half peak height, and their isotopic shifts are summarized in Table 4.3.

Table 4.3 The IR frequencies of the Mn—-O modes and shifts in the modes observed in
the spectra of the solid [Mn'/*O4bpea),]** and [Mn" *Oybpea),J**
- compounds, with the bandwidth at half the peak height between parentheses.

%0 (cm™) B0 (cm™) A (cm™) Comment
510 (20) 490 (20) 20
- 707 (14) 674 (14) 32
~745 (20) ~705 (20) ~40 determined by gaussian fit
1016 (8) ? - possible overtone of 510 cm™
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Figure 4.2 The FTIR absorption and difference spectra of the solid [Mn" °0(bpea),]*
and [Mn" 204 bpea),]** compounds in KBr pellets, at a resolution of
1 ecm™. Arrows indicate frequencies of major difference peaks between the

two isotopic spectra.
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Figure 4.3  Simulation of the ("0 — '*0) FTIR difference signal around 700 cm™ of the
[Mn" O4bpea),]** compound (blue line), fitted with four gaussian
absorption curves (black and red lines, green is the sum of the gaussian
curves). The two positive black gaussian curves represent the absorption
bands of the '°0 species at 745 cm™ and 707 cm™, with bandwiths at half
height of 20 cm™ and 14 cm™, respectively. The two negative red curves are
the companion modes of the '*O species at 705 cm™ and 674 cm™, with

identical bandwiths and intensity as the '°O gaussian curves.
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FTIR (oxidized — reduced) difference spectra of the adamantane-like compound

Figures 4.4 and 4.5 give the FTIR (oxidized —reduced) difference spectra
measured for the '°0 and "*O compounds, respectively. In both figures the positive
signals are due to the Mn'", oxidation state, and the negative signals are due to the
Mn™Mn", oxidation state. Each figure contains the reduction (purple), the oxidation
(blue), and the sum spectra (biack). A distinction is made between reversible and non-
reversible signals by comparing the reduction and oxidation spectra. Reversible signals
have the same sign for the reduction and oxidation spectra, but non-reversible signals
have opposite sign.

Both figures show non-reversible signals at 1100 cm™, 917 cm™, 739 cm™, and
624 cm™, which are most likely due to decomposition of the solvent (see also Chapter

3).> The sum spectra are obtained by adding the Red. and a fraction of Ox. spectrum

together, in order to minimize the non-reversible signals over the whole spectral range
(400 - 4000 cm™, higher frequency data not shown). In Figures 4.4 and 4.5 the non-
reversible signals are absent or reduced greatly in intensity in the sum spectra. The
signals at 877 cm™, 844 cm™, and 560 cm™ in Figures 4.4 and 4.5 are due to small

changes in the concentration of the electrolyte anion PFy™ (see also Chapter A

Two different types of reversible signals can be observed by comparing the sum
spectra in Figure 4.4 and 4.5. The first group of reversible signals, indicated by black
arrows, correspond to modes that have te same energy position for the '*O and "0
difference-spectra. When directly compared in Figure 4.6, the signals at 1162/1154 cm™,
1054/1048 cm™, 1030/1022 cm™, 669/659 cm™, and at 773 cm™ do not shift upon

'*0—"®0 exchange, indicating that no Mn-O modes are involved. These reversible
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signals are assigned to the changes in the vibrational modes of the bpea terminal-ligand
molecule, caused by the change in Mn-bpea interaction upon a change in the Mn
oxidation state. The second group of reversible signals is dependent on the isotopic state
of the oxygens, and therefore bridging Mn—O modes are involved. Some of these signals
are indicated by red arrows, such as the broad difference signal at ~710 cm™, which shifts
to ~680 cm™ upon isotopic '*O—'*0 exchange. Another possible reversible signal,
sensitive to isotopic exchange, can be observed around 500 cm™ in Figure 4.4. A
positive feature is present at 510 cm™, which could be due to the Mn", oxidation state,
while a negative feature occurs at 494 cm™, possibly due to the Mn™Mn"; oxidation
state. This pattern is repeated in Figure 4.5, at 493 cm™ and 481 cm™, respectively.

The direct comparison of the '°O and '*O difference spectra in Figure 4.6 shows
that several changes occur between the two spectra in the 550 - 400 cm™ range.
However, it is difficult to distinguish the reversible signals that are sensitive or non-
sensitive to isotopic exchange. To eliminate the non-isotopic sensitive signals the
difference-difference spectrum of the 'O and '*O difference spectra is obtained (Figure
4.6). This exposes the reversible signals sensitive to '*0—'%0 exchange. Two strong
bands appear, a negative signal at 490 cm™ and a positive signal at 448 cm™. These two
signals indicate effects on the Mn—O modes caused by redox changes of the adamantane-
like compound. However, additional information from the normal-mode analysis is
needed to completely understand the changes observed in the 550 - 400 cm™ range of the
difference-difference spectrum. All of the observed signals, isotopic shifts and redox
shifts of reversible features that are sensitive to '*O—'®0 exchange are summarized in

Table 4.4
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Figure 4.4 The FTIR (oxidized — reduced) difference spectra obtained with a 2.8 mM
[Mn" °O4(bpea),]**, 0.1 M TBA(PF,) acetonitrile solution. The average
sum spectrum (black) is the sum of the averaged reduction spectrum
(purple) and the averaged oxidized spectrum (blue). Reversible signals are
indicated by black and red arrows, with the red arrows sensitive to the
0—"80 isotopic exchange. Positive reversible signals are due to the Mn",

oxidation state, and negative signals due to the Mn""Mn" , oxidation state.
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Figure 4.5 The FTIR (oxidized — reduced) difference spectra, obtained with a 2.5 mM
[Mn" *04(bpea),]**, 0.1 M TBA(PF,) acetonitrile solution. The sum
spectrum (black) is the sum of the averaged reduction spectrum (purple) and
the averaged oxidized spectrum (blue). Reversible signals are indicated by
black and red arrows, with the red arrows sensitive to the '°0—"°0 isotopic
exchange. Positive reversible signals are due to the Mn", oxidation state,

and negative signals due to the Mn"'Mn" , oxidation state.
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Figure 4.6 The FTIR (oxidized — reduced) difference spectra of the '°O (black) and "*O

(red) species, and the ("°0 - "°0) difference-difference spectrum (blue). The

red arrows indicate the two regions sensitive to "°“0—'0 exchange.
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Table 4.4  The bridging Mn—O mode IR frequencies which shift upon oxidation and
isotopic exchange of the oxygens. A, are the shifts observed in the modes
due to the '°0—"0 exchange. A ., are the shifts observed in the modes

due to reduction of the Mn", to the Mn"™"Mn'", oxidation state.

'*0 (cm™) 0 (cm™) A (cm™)

Mn", 510 494 16

Mn"Mn", 493 481 12
A g eper(cm™) 17 13

Mn®, 709 677 32

Mn""Mn", 680 653 27
P (- 25 24

Mn®, 735 ? =

Mn"Mn", ~700 ? -
B LI ) 35 ?
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4.4 Normal-mode analysis

Several vibrational modes in the IR spectra of the adamantane-like compound are
~ identified as Mn-O core vibrations, by isotopic '°O—'°O exchange of the bridging
oxygens. These modes are observed at 510 cm™, 707 em™, and 745 cm™ for the oxidized
state of the compound, Mn", (Table 4.3). Upon reductioﬁ of the compound to
Mn™Mn",, the 510 cm™ vibrational mode shifts to ~ 490 cm™, and the 707 cm™ mode
shifts to 680 cm™. It is not clear where the 745 cm™ mode is shifting to (Table 4.4). To
understénd the IR spectra of the adamantane-like compound in more detail a normal-
mode analysis is required. Such an analysis will aid the assignment of the observed
bands, and enable us to extract speéific information about the Mn—O bonds.

The adamantane-like compound contains 146 atoms and has 432 vibrational
modes. A complete analysis of this man& modes is complicated. Therefore some
simplifications are necéssary. Our main interest is in Mn—O modes, therefore we focus
on the Mn—-O core. This approach implicates sevefal assumptions - (1) the terminal bpea |
ligand vibrational modes are independent of the Mn-O modeé, (2) the Mn—N(bpea)
interaction is much weaker than that of the bridging Mn-O ligand (a more detailed
discussion is given in Appendix 4.6). As a result of these simplifications the number of
atoms involved reduces to 10 and the number of vibrational modes to 24. Beside this
-reduction in atoms involved, some additional assumptions about the symmetry of the
adamantane-like compound are necessary to simplify the normal mode calculations. If
the influence of the terminal bpea.ligand on the compound is ighored, the overall T,
symmetry can be ai)plied for the Mn", compound. However, if the influence of the bpea

on the compound is included, the highest symmetry possible for the Mn'"Y, compound is
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S, symmetry. Upon reduction of thevcompound to Mn"Mn"'; the highest possible
‘symmetry is C,, when the influence of the terminal bpea ligand on thel compound is
ignored. Including the 'bpea in the symmetry analysis causes the compound to have C,
symmetry, which is close to C, symmetry. No normal-mode analysis was performed for
the overall C, symmetry, because no significant additional information is obtained by |
including the C, symmetry in this analysis. Figure 4.7 shows the relation between the

symmetry terms of the normal modes for the T, S,, and C, symmetries. |

| Mn', ' M e
Td S 4 g Cs
A, > A® A TRE)
E \:A ®) A'(RR)
- "B @ _ Reduction _ A'(RR)
®) T, >AR < Oxidation  A'(RR)
. A"(IR,R)
E (IRR) A"(IRR)
(IR) Tz \t B (IR) - A'(IRR)
A"(IR,R)
™ E (RR) A'(IRR)

Figure 4.7 The relation between the symmetry representations of the different overall
symmetries of the Mn compound, which were.used for the analysis of the
two oxidation states. When the influence bf the terminal ligand, bpea, on
the compound is ignored, the T, and the C, symmetry apply to the Mn", and
Mn"Mn", compounds, respectively. When the influence of bpea on the
compound is included the S, symmetry applies to the Mn'", species. IR and R

indicate whether a symmetry term is infrared or Raman active.
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" Normal-mode analysis of Mn", compound - T, symmetry

When an overall T, symmetry for the [Mn" ,O¢(bpea),]* compound is assumed,
the 24 vibrations are divided into 2A,, 2E, 2T,, and 4T, symmetry representations.
- Figure 4.7 shows fhat only the triply degenerate vibrational modes with the T, symmetry
are infrared active. If the bending modes are ignored, i.e. the bending force constants are
set at zero, the symmetry representations of the stretch vibrations are: A, E, T,, and 2T,
(see Appendix 4.6). Consequently, only two IR-active stretching modes are anticipated.
Howevef, the IR absorption and difference spectra of the Mn', compound show at least
three strong absorption bancis in Figure 4.2 at 510 cm™, 707cm™, and 745cm™.
Nevertheless, a normal mode calculation was attempted to match two T, modes to these
absorption bands. Table 4.5 presents a normal-mode analysis which assigns the 510 cm™
and 745 cm™ ViBrational modes to the T, representation.” The calculated values are
similar to the observed values, including their isotopic shift. The mode at 707 cm™ is
assigned to the IR inactive T, representation. However, _this mode becomes partially

active when the T, symmetry breaks down, as can be seen in Figure 4.7.
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Table 4.5 Comparison of the observed and the calculated frequencies for the
[Mn" ,O4bpea),]** compound. Calculated frequencies are from the normal-

mode analysis where overall T, symmetry is assumed, with

fw=315 mdyn/A, f.o, = 0.55, fu., = 0.20 mdyn/A, and the bending force

constants are kept zero (see also Appendix 4.6).

50 (cm™) 50 (cm™) A (em™)
Ty Obs. Calc. Obs. Calc. Obs. Calc.
] 745 746 705 709 40 37
2 510 508 490 492 20 16
T, | 707 706 677 673 30 33
E - 511 - 496 - 15
A, - 503 - 485 - 18

Normal-mode analysis of Mn"", compound - S, symmetry

When the symmetry of the bpea ligand is included, i.e. overall S, symmetry is
assumed, the T, degenerate le_vels of the T, symmetry split into the two IR-active E and B
symmetry representations (Figure 4.7). Additionally, other vibrational modes become IR
active compared to the T, symmetry. One absorption band is derivéd from the T,
symmetry representation, which splits into an IR-active doubly degenerate band
(symmétry represgntation E) and a Raman-active band (symmetry representation A). The
other new IR absorption band comes from the degenerate E symmetry representation, and

separates into an IR- (symmetry representation B) and Raman- (symmetry representation

A) active vibration.
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Table 4.6 presents the results of the normal-mode analysis, assuming the S,
symmetry. The vibrational modes are organized as for the T, symmetry. The calculated
values are similar to the observed values, including their isotopic shift. The 745 cm‘1
feature is calculated to be aﬁ absorption band consisting of three vibrational modes; one
at 742 cm™ and two at 748 cm™. This splitting in the T, representation is supported by
the broad bandwidth of 20 ém“ obseﬁed for this mode. A similar situation occurs for the
510 cm™ mode, where the T, mode splits into one 489 cm™ and two 506 cm™ modes.
Additionally, a new active mode in the S, symmetry occurs at 512 cm™, which is derived
from the E representation in the T, symmetry. . This new band also contributes tb the
broad bandwidth of 20 cm™ observed for the 510 cm™ mode. Therefore, the bandwidths
of both the 510 cm™ and 745 cm™ are indications that a symmetry of S, or lower is
required tb explain the spectra of the Mn"', adamantane-like compound. -

Table 4.6 indicates that the 707 cm™ band is derived from the T, symmetry
representation, as suggested earlier. When the overall S, syinmetry is assumed, this band
splits into an IR- and Raman-active doubly degenerate mode at 707 cm™, and a Raman-
active mode at 705 cm™. This band has a bandwith of about 14 cm™ (Table 4.3), which
suggests that the doubly degenerate mode has slightly split, indicating that the.

adamantane-like compound has a slightly distorted S, symmetry.
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Table 4.6 Comparison of the observed and calculated frequencies for the
| [Mn'" ,0bpea),]** compound. Calculated frequencies are for the normal-
mode analysis where the overall S, symmetry is assumed, with

fw =310 mdyn/A, for =0.50, f,,., =020 mdyn/A, and the bending force

constants are kept zero (see also Appendix 4.6). (The normal modes are

organized as in the T, Table 4.5.)

0 (cm™) 0 (cm™) A (cm™)
S, Obs. Calc. Obs. Calc. Obs. Calc.
B 742 706 36
745 705 40
E 748 711 37
B 489 473 16
510 490 20
E 506 | 490 16
A 705 672 33
707 674 | 33
E 707 673 | 34
A 504 . 487 | 17
B B s12 | 497 i 15
A | 491 _ 474 _ 17

Normal-mode analysis of Mn""Mn", compound - C, symmetry

Upon reduction of the Mn"™, compound, the Mn™Mn", species is formed. This
reducedb species approaches an ovefall C, symmetry when the symmetry of the bpea
. ligand is ignored. Figure 4.7 shows that .all of the degeneracies break apart upon
reduction of the [Mn",O4(bpea),]** compound and all vibrational modes become IR and
Raman active. Consequently, not only are shifts in peaks anticipated due to reduction of -
the compound, but also broadening of the previously degenerate modes, and possibly new

modes in the IR spectra.
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The broad reversible difference signal at ~710 cm™ resembles the signature of the
160-130 difference spectrum of the solid [Mn'",O4(bpea),]* compound (Figure 4.3).
However, unlike isotopic exchange, redox chemistry causes changes in bond lengths,
bond angles, bond strengths, and consequently, the overall symmetry of the compound.
This results in different frequency shifts for each vibrational mode, including possible
shifts to higher energy. Due to the change in overall symmetry certain modes will also
become IR active or inactive, and the isotopic shifts will also alter. Therefore, simulating
the difference signal in the 750 - 650 cm™ and 520 - 460 cm™ ‘ranges is not
straightforward. '

To reduce the complexity of the normal mode calculations of the
[Mn™Mn",0,(bpea),I** compound some additional assumptions, beside symmetry
considerations, are necessary about the force constant variables. The stretching force

constants of all Mn"-O bonds are kept at the calculated value of the solid state

[Mn“’406(bpea)4]4+ compound, f, =3.10 mdyn/A. No distinction is made between force
constants of the Jahn-Teller distorted and non-Jahn-Teller distorted Mn™O bonds, i.e.

only one type of f, is used. In addition, no distinction is made between Mn"™-O and

Mn"-O bonds when the stretching coupling constants are considered. Therefore, there

are only two types of stretching coupling constants: with either oxygen, f,,,, or
manganese, f,,. . at the apex.

Using the overall C; symmetry and these force constant variables, the normal
modes of the [Mn™Mn",04(bpea),]** compound were calculated from the difference
signals of the (MnI{' ~Mn™Mn",) difference spectra and the (‘0 - '*0) difference-

difference spectrum. Four different objectives were sought with the normal mode
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- calculation. The first objective was to try to simulate the difference signals in the 620 -
720 cm™ range for both the '°O and '*O spectra. The second objective was to rdughly
match the %0 - 18vO difference-difference signal in this range. The third objective was to
simulate the difference signals in the 420 -520 cm™ range for both the '®0 and "0 spectra
The final (;bjective was to obtain a simulation that matches the '°O — '*O difference-
difference signal in this range, especiallyl the positive signals around 510 cm™ and
450 cm™ and the negative band at ~ 490 cm™.

Table 4.7 presents the calculated frequencies whiéh gaVe a reasonable simulation
of the difference and difference-difference signals, as shown in Figure 4.8. Normal-mode
calculations give only the absorption frequencies of the normal modes; they do not give
any information about the width or intensity of these transitions. Theréfore', the
intensities and bandwiths are based on the information that was obtained from the solid
state spectra (see appendix 4.6 for the exact values). Figure 4.8 shows that the simulated
spectra match the measured spectra reasonably well in the 620 -720 cm™ rangé. There
are slight differences bet.ween frequencies and bandwidths, but the éverall simulated»
spectra contain all of the observed elements. The '*O difference. spectrum has the poorest
match, which is due to the fact that the isotopic exchange is only 90% complete.
Therefore, the '*O difference spectrum contains also signals of adamantane-like
compounds with various '*0/'*0 ratios. This mixture of isotopic species causes the
- observed signal to be broader than the calculated one.

It was more difficult to match the simulated signals with the calculated signals in
the 420 -520 cm™ range. All of the vibrational modes have major changes upon

reduction of the Mn", adamantane-like compound. Therefore it is difficult to match all
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of the calculated changgs with the 6bserv¢d shifts in this range. | Ng?ertheless, the
simulations mat.cfxi thc' observed'vspec.tra reasonably well, espec}laliy. the difference-
difference spectrﬁm, Only slight shifts in some of the no,rmél modes are needed to
improve the match between simulated and observed signals. This could be achieved by
including more types of stretchin.g fbrce constants. However, including more variables
will not give more significaht information about the compound, and therefor¢ this

expansion of variables was not performed.

Table 4.7 Comparison of the vobserved and calculated frequencies for the
[Mn"Mn", 06(bpea)4 **compound. The overall C, symmetry is assumed, the
bending force constants are set at zero, and the stretching force constants
are: f, = 3.10 mdyn/A, fu = 2.45 mdyn/A, f, =040, and
Fage = 0.15 mdyn/A (see also Appendix 4.%). (The normal modes are
organized as in the T, Table 4.5.)

' 150 (cm™) B0 (cm™) A (cm™)
C
’ Obs. | Calc. | Obs. | Calc. | Obs. | Calc.
ATA 747 /726 710/ 674 37/35
. ~745 ~705 ~40 |
A" | 747 710 37
A'/A | 4927478 476 / 463 16/15
493 | 481 12 |
A" A 464 449 | 15
A i 685 - | 653 . 32
680 | | 653 |1 27 |
A"/A" 7261689 | - 692/656 | | 34/33
A | s0s 488 | 1 1
A" - 500 B 485 I S &
A - 466 | - 450 - 16
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AAbsorbance

g 675

L I ! # T I L]

750 650 550 450
Wavenumber (cm~1)

Figure 4.8 A comparison of the observed °O (black) and "0 (red) (oxidized-reduced)
difference spectra and the (0 - *0) difference-difference spectrum (blue)
with the simulated spectra (green). The simulated spectra are obtained
using the calculated frequencies of S, symmetry for the Mn", species, Table
4.6, and C, symmetry for the Mn"Mn", species, Table 4.7 (see also

Appendix 4.6). The arrows indicate the frequencies that were optimized.
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4.5 Discussion

Several assumptiohs were. required to perform a normal-mode analysis of the
adamantane-like compound. One of the assumptions was that the bpea modes and the
Mn-O core modes could be treated seperately. However, if these vibrational modes do
interact, a small '*O—'*0O isotopic effect is expected on thé bpea modes. In the
(oxidized - reduced) difference spectra reversible signals are observed which do not shift
between the '°0O and '*0 spéctra, and which are absent in the (*°O - ®0) difference-
difference spectrum. This indicates that these modes are ndt sensitive to the '*0—'*0
exchange. All of these difference signals are at positions of the vibrational modes of
terminal ligand, bpea (Figure 4.2). Therefore, it is concluded that these reversible signals

“are caused by changes in the terminal ligand, bpea, upon a change in oxidation state of a
Mn atom. This supports the assumption that the modes of the terminal ligand bpea are
not influenced by the Mn-O coré, and can indeed be treated seperatély.

To reduce the number of force constant variables it was assumed that the
stretching and bending modes could be treated seperately. Consequently, the bending
force constants were set at zero, during fhe simulations of the stretchihg normal médes.
In appendix 4.6 it is shown, that stretéhing and bending modes do interact. Including
bending modes in the calculations causes shifts in frequencies of the stretching modes.
However, these shifts can be corrected by slight alterations of the stretching force
constants, ~ 0.1 mdyn/A. These corrections of the force constants are on the same order
as the changes needed to optimizé the calculated modes when a different overall
symnietfy is assumed. Therefore, énﬁtting the bending force constants is assumed to be

reasonable given the error of the normal-mode calculations.
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- A good match between the calculated and observed vibrational modes is obtained,
without including the terminal ligand Mn~-N interactions. Therefore, the assumption, that

the terminal ligand Mn-N interaction is much weaker than the p-oxo bridge Mn-O
interaction, seems to be valid. This agrees with the results Sheats et al.>® obtained for the

vibrational modes bf thg: mono-p-oxo compound. However, it is questionable whether
this assumption will apply to the OEC. As indicated in Chapter 1 and section 4.1 most of
the terminal ligands to the Mn-cluster are carboxylate groups. The terminal carboxylate
Mn-O ligand interactions in the OEC will be much stronger tﬁan the terminal ligand Mn-
N interactions in the adamantane-like compound. Thereforé, the terminal ligand Mn-O
interactions will have to be included for normal-mode analysis of the OEC.

Another influence on the bridging Mn-O interaction is the number of bridging
‘oxygens to the Mn atom. As expected, the force constant of a Mn"-O bond,

fuw =2.45mdyn/A, is weaker than that of the Mn"“~O bond, f,, =3.10 mdyn/A.
However, both these values are smaller than to the value found for the Mn™-O bond,

fr » =334 mdyn/f&, of the mono-p-oxo compound studied by Sheats et al.”> (see also |

Table 4.2). This is an indication that the strength of the Mn—X bond depends not only oﬁ
the oxidation state of Mn and the electronegativity of X, but also on the character of the
other bridging ligands. The manganese atoms ip the adamantane-like compound have
three p-oxo bridge oxygens. Most likely, the number of p-oxo bridges influences the
strength of the Mn-O bonds. Therefore, it is imperative that more manganese
compounds are studied to provide further insight into the behavior of these Mn-O

vibrational modes and to provide more accurate models of the OEC. -
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4.6 Appendix - Normal-mode analysis.

4.6.1 Deﬁhition of the G & F matrices for the adamantane-like compound
- The observed frequencies, the isotopic shifts, and changes due to the redox
chemistry can be used to learn more about vibrational force constants of Mn—O bonds. A
normal-mode analysis of the coinpound is required to undérstand and extract this

information from IR spectra. Comprehensive descriptions of normal-mode analysis are

1.85

given in Wilson et a and Herzbe_rg,86 and summarized here briefly using the

adamantane-like compound as an example.

T h;: adamantane-like compound consists Vof 146 atéms, which translate into
(3 X N -6 =) 432 degrees of vibratioﬁal freedom - i.e. vibrational normal modes.. To |
reduce the magnitude of the analyéis some simplifications are required. Our main interest
is in the Mn—O vibrations. Therefore, the focus will be on the manganesé—oxygen core of |
the compound, as shown in Figure 4.6.1. Using this reduction, 10 atoms are involved and
only 24 normal modes need to be analyzed.

This approach'implic.ates some assumptions for the interaction between certain
vibrations. One of the assumptions is that the Mn—O core and the terminal bpea ligands
can be freated separately, i.e. there is no (or only a very weak) coupling between
vibrations of the bpea ligand and the Mn—O core. There are indications in the IR
difference spectra of the two electrocherﬂical species that are consistent with this
assumption. Upon oxidation, reversible difference signals of bpea are observed in
Figures 4.4 and 4.5 WHich do not shift upon '°O and '®O exchange. This indicates that
there is no coupling between this vibration of the bpea ligand and the Mn-O core

vibrations. Another assumption is that there is no (or only very weak) coupling between
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the terminal Mn—N(bpea) vibrations and those of the Mn-O co're; This can be the case
“only when the Mn—-N bond constants are much weaker than those of the Mn—O bonds. ,
The Mn-N bond constants are indeed weaker, Mn—N vibrations occur arouhd 300 cm‘1
(Table 4.1), but they are still significant compared to Mn—O bonds. Nevertheless, this
assumption has been used successfully applied by Sheats et ai-ss for a di—manganese
mono-p-oxo compound. Therefore, as a first approximation the Mn—-N bonds_ are not

included in this normal-mode analysis.

Figure 4.9 The Mn—-O core of the adamantane-like compound. The Mn—N(bpea)
terminal ligands are indicated by gray, and the non-aromatic nitrogens are
indicated by an asterisk. The indices for each atom in the Mn—0 core are

used in Table 4.8 to define the internal bond and angle coordinates.

The first step in a normal-mode analysis is the definition of the internal
coordinates. Figure 4.9 shows the Mn—O core of the adamantane-like compound with an |
index for each atom. Using these indices, each bond and valence angle is defined in

Table 4.8. As can be seen from Table 4.8 the number of internal coordinates, 30, exceeds

- 148 -



Chapter 4

the degrees of vibrational freedom of the Mn—O core, 24. This indicates that not all
internal coordinates are independent of each other. Therefore, some redundant conditions
exist which will combine the internal coordinates into a set of independent coordinates.
The number of these indepeﬁdent coordinates should equal 24. Consequently, there are 6
different redundant conditions. These redundant conditions in general can be extracted
during the normal-modé analysis and used as a double-check of the calculations. For
cyclic structures, such as the adamantane-like compound, finding these redundant

conditions is not trivial.}” However, it is not necessary to obtain the redundant

conditions, because the independent coordinates will easily be derived during the
calculations. Therefore, no extra effort is taken here to find the formal expression of the

redundant conditions.

Table 4.8 The definition of the internal coordinates used for the normal-mode analysis
of the Mn—0O core of the adamantane-like compound. The indices of the

atoms are defined in Figure 4.9.

Bond | Atoms | Bond | Atoms | Angle | Atoms | Angle | Atoms
I, 1-2 I, 4-5 (0.2 2-1-4 alO 6-5-17
r, | 1-4 Iy 6-5 o, 3-1-4 oy 4-5-7

1, 1-3 I, 7-5 | a3 | 2-1-3| o, | 5-6-8
r, | 2-8] ro [3-10} o | 1-2-8] o3 |5-7-10
I 6-8 | r, |7-10] o5 | 2-8-6| o |3-10-7
I 9-8 | r, |9-10] o | 6-8-9 ] o5 |3-10-9

o, | 2-8-9| o, |7-10-9
o | 1-4-5]| o, [8-9-10
o | 4-5-6 | o [1-3-10
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Beside bonds and valence angles other internal coordinates can be defined, such
as out of plane angles and torsion angles (which is the angle between two non-connected
bonds). However, due to the cyclic character of the molecule these two additional
internal coordinates are correlated to the already defined internal coordinates. Therefore,
including these coordinates will increase only the number of internal coordinates, and no
additional vibrational modes are added. Consequently, only the number of redundant
coordinates would increase. Therefore, no additional internal coordinates are included.

To obtain analytical expressions for the normal mode vibrations Newton’s
' equation needs to be solved for the set of defined internal coordinates, which can be
written as:

d ( or ) v

—_— — |+ — = O

dt\dR) OJR ‘
2T=R'G'R (eq. 4.1)
2V =R'FR

where R is the vector with all the displacements of the internal coordinates, i.€. stretching
of the bonds and bending of the valence angles. R is the time derivative of R; The
matrix F contains the force const.ants involved in the vibrations, which is needed for the
potential energy, V. Matrix G contains structural information about the compound, which
is necessary to calculate the kinetic energy, 7. Both the F and G matrices are symmetric
ﬁfound their diagonal and will be defingd later in mofe detail. Equation ‘4.1 can be

rewritten into:

ZGHEI —-A ZGnEz ' : :
| DG.F,  Y.G,E,-2 --{=|GF-2AE|=0 (eq. 4.2)

.
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where E is the unit matrix, and A (force constant per mass) are the eigenvalues of this

equation and are related to the wavenumber, v, by the relation A =4x’c*v*>. These

eigenvalues correspond to frequencies in the IR spectra with the appropriate values for
the force constant variables.

The force constant matrix, F, is defined as:

F fﬁ f;‘xfz o ‘f;lrlo f;'lal f’l“z e f;'lals
f’l"z f;'z T f;‘z"w : frzal f’zaz e f’zam

F= f;l"w f;‘zrm Tt f;m f;wa] f’loaz ot f;wals (eq 4 3)
f’lal f;zal e f’loal fax fa1a2 o f“xaxs o

f, f, 1, 1 L Joa,
no, Rt T nox, a0 a, o 008

_‘f;lals f;'zals e f’loa]s fa,a,s fazals e fals _
where f, is the stretching force constant (mdyn/A) for internal bond coordinate r,, and

Jfo, is the bending force constant for internal angle cbordinate o,. The other three force

constants f,

rery?

Ja,o,»and f, , are the coupling constants between two bond stretches, two

anglé bendings, and between a bond stretch and angle bend, respectively.

The structural information métrix, G, can be defined as:3>86:88

G=S-M"'.§ » (eq. 44)
_ 0 _
o 0
0 u,
M=
0 My O
L 0

where M is a diagonal matrix whose components are the reciprocal of the mass of the i*

atoms, y;. The S-matrix links the displacement of i" atoms in a vibration to the changes

1.85

in internal coordinates. Wilson et al.” give some general rules to create the S-matrix.
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The first step in this analysis is to define internal displacement vectors, which give the
largest change in internal coordinates with the smallest delocalization of vectors. Figure

4.10 shows thev internal displacement vectors for bond stretching and valence angle

bending.
p
abc b pcba
A
—€ab a b Cab :
< o —o >

rab ; rbC

Figure 4.10 The internal displacement vectors for the two internal coordinates, i.e.

bonds and valence angles.

In this method a stretch is described with two unit vectors opposite to one another
and in line with fhe bond that is stretched.» In Figure 4.10 these stretch vectors are
denoted with e,,, where the indices indicate the two atoms involved in the bdnd. In the
following calculations, all the displacement vectors on thg Mn atoms have the same sign,
while the displacement vectors on the O atoms are of opposite sign (see Table 4.9). For
example the stretching of bond r,, Ar,, is described by displacement vector €,, indicating
the displacement of atom 1(Mn) and —e,, describes the displacement of atom 2(O).

_ In-plane bending is described by two unit vectors perpendicular to the bonds that
are bending, indicated in Figure 4.10 as p,,,. One vector indicates the direction of
displacement of one of the end atoms, the other vectof indicates _the direction of the other
end atom. The first two indices of these vectors indicate the bond to which this vector is
perpendicular, and all three indices define the plane in which these two vectors lie. Upon

bending the amount of displacement of the end atom is equivalent to the inverse of the
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:

“bond distance between the end atom and the apex atom, i.e. 1/r,,. The apex atom moves
by an equal amount to the sum of both end atoms, however in the opposite direction. For
example, for the bending of «,, the displacement vector of atom 2(O) is p,4/1;, and for
atom 4(O) it iS py,/ry,, then for the apex ‘atom 1(Mn) the displacement vector is
—Pua/Ti—Paro/114- From this definition it can be seen that the stretching and bending
displacement véctors afe pérpe.ndicular, therefore the S-matrix can be blocked out into
fwo _sub—matricés (eq. 4.5); a vectorial stretch sub-matrix, A(r) and a vectorial angular
sub-matrix, B(o). The two sub-matrices, A(r) and B(o) are given in Table 4.9 and 4.10,

respectively.

=4 0 45
Lo B@ | - et

Table 4.9 The vectorial stretching sub-matrix, A( r), of the S-matrix.

1(Mn) | .2(0) | 3(0). | 4(0) | 5(Mn)| 6(0) | 7(0) S(Mn) 9(0) |10(Mn

Ar,| O 0 | -eq| O 0 0 0 0 0 €110
11 O 0 0 O 0 0 ‘e710 O O 6710

- Copp0 €o10
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Table 4.10 The vectorial angular sub-matrix, B(a), of the S-matrix.

-Pso1o/Ts| Proos/T12

.Aa‘l% 0 0 0 Pso1o/Ts
~Piooe/T14
Aoug P1310/T3 “P1a1o/T3 0 0 0 |pPiosi/tio
~P103i/T1o
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RPN

To simplify the calculation of the G-matrix the bending displacement vector can
be exp