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a b s t r a c t

The dipodal ligands (Im) and (BIm) as well as complexes [FeLCl3] [L = Im (1) and BIm (2)] have been
prepared and studied using spectroscopic techniques. The magnetic moment, IR, electronic (ligand field),
FAB-mass and NMR spectral data indicate a hexa-coordinate geometry around high-spin state Fe3+ where
ccepted 3 July 2008

eywords:
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the ligands coordinate as a tridentate [N,N,N] chelating agent. 57Fe-Mössbauer spectral data confirmed
the presence of a ligand asymmetry around Fe3+ in a high-spin state electronic configuration (t2g

3,eg
2,

S = 5/2) with nuclear transition Fe(±3/2→±1/2) exhibiting Kramer’s double degeneracy. The molecular
computations provided the optimum energy perspective plots for the molecular geometries giving the
important structural data.
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. Introduction

The investigations of the bonding characteristic of imidazole
nd imidazole-based ligands towards metal ions, owing to their
xtremely broad biological significances have been one of the main
opics of bio-coordination chemistry. During the past three decades
1], many efforts have been made to characterise metal ion link-
ges at the active centers of metallo-proteins. The presence of this
articular moiety as the active sites in various metallo-proteins or
etallo-enzymes is related to a great variety of metabolic processes

1]. The use of low-molecular weight model compounds of these
iological macro-molecules has proved to be very useful and in
ome cases the only possible way to visualize the binding modes,
tructures and functions of the active sites. A variety of imidazole
ontaining ligands and their metal complexes, which can mimic
tructural features of metallo-proteins or metallo-enzymes, have
een investigated [2–8]. The presence of additional substituents
ontaining nitrogen and/or oxygen donors, beside the imidazole
ings, has been reported [1] to alter strongly the structure and
roperties of their complexes. Tripodal ligands are especially suit-
ble to assess the electronic and geometrical factors regulating the
u-proteins [9,10]. Consequently, considerable investigations have
een devoted [2–8] to study the structure and bonding features

f bivalent metal complexes of polydentate imidazole-based tripo-
al ligands. Complexes of tetradentate tripodal ligands generally
esults in a coordinatively unsaturated penta-coordinate geometry
aving an additional water molecule or counter ion in the coordi-

∗ Corresponding author.
E-mail address: zafarasiddiqi@yahoo.co.in (Z.A. Siddiqi).
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ation sphere. The formation of actual five coordinate structures
ither square pyramidal or trigonal bipyramidal strongly depends
n the ligands, viz. nature of the donor groups as well as the
ounter anions, symmetry of the ligand and the constitution of the
endent arms or substituents. Except for some pyridyl/thioether
nd pyridyl/amine containing compounds [11] most of the inves-
igated tripodal ligands are structurally symmetrical i.e. having
onor group at the same bond distances form the central atom.
arlier reports [11–14] indicate that the un-symmetric tripodal lig-
nds having embedded rings of different sizes can be of great use.
uch chelating agents tend to result in complexes, which can mimic
2] the structure for the active center of many natural occurring

etallo-proteins.
In this article, we report the synthesis and characterisations on

he less symmetric dipodal ligands [(Im) & (BIm)] and their com-
lexes with Fe3+ ion.

. Experimental

.1. Materials

All the reagents used were of analytical grade. The solvents were
urified by standard procedures before use [15].

.2. Preparation of the ligands
.2.1. Synthesis of bis(4,5-dihydro-1H-imidazol-2-yl-methyl)
mine (Im)

Powdered iminodiacetic acid (8.0 g, 60.0 mmol) was mixed
horoughly with 1,2-diaminoethane (8.0 mL, 120.0 mmol) along
ith a few drops of o-phosphoric acid in a hard pyrex tube, then

hts reserved.

http://www.sciencedirect.com/science/journal/13861425
http://www.elsevier.com/locate/saa
mailto:zafarasiddiqi@yahoo.co.in
dx.doi.org/10.1016/j.saa.2008.07.016


1 ica Act

h
o
t
w
d
m
a
i
h
f
c
5
m
[
[
(
(
a
N
4
p

2

o
1
fi
a
a
O
s
e
o
w
s
1
5
o
[
(
(
[
U
(
p
(

2

(
o
r
f
m
g
o
v
C
N
[
m
C
N
[

m
c
d
n
m
e

2

a
N
o
n
w
t
o
1
t
T
M
b
m
m
w
c
u
H
L

3

(
r
d
a
(
m
u
T
r
t
p
m
t
t
l
i
c

3

p
f
F
a
[
p

846 Z.A. Siddiqi et al. / Spectrochim

eated under N2 atmosphere to a melt at 180 ◦C for about 2 h
n an oil bath. The reaction mixture was slowly brought to room
emperature, which gave a dark coloured wax like product. The
ax was extracted with 100 mL methanol, filtered off and the
ark coloured insoluble residue was discarded after washing with
ethanol. The methanol extract was dried under vacuum giving
yellow colour wax type product. It was kept for about 6 weeks

n a desiccator over CaCl2, which changed to a hard mass. The
ard mass was crushed to a fine powder and was recrystallized

rom methanol [yellow colour, m.p. 142 ◦C, yield 8.6 g, 79%]. Anal.
alc. for C8H15N5: C, 53.03; H, 8.28; N, 38.67, found for (Im) C,
3.07; H, 8.34; N, 38.65, FAB-mass (m-nitrobenzylalcoho NBA,
atrix): [Im–2H + Bz3]+ (m/z = 333) [Im + 2H + Bz4]+ (m/z = 472)

Im + 2H + Bz5]+ (m/z = 490) [Im–CH2CH2 + Bz3] (m/z = 307)
Im–CH2CH2 + 2H + Bz4]+ (m/z = 444) [Im–NH.CH2CH2.H + Bz1]+

m/z = 273) [Im–C.NH.N–CH2CH2 + Bz4] (m/z = 413) [Im–C2H4
NH)N.C.CH2.NH] (m/z = 218); [Fragments for NBA matrix, appear
t m/z = 136 (Bz1), 137 (Bz2), 154 (Bz3), 289 (Bz4) and 307 (Bz5)]. 1H
MR (CD3OD, ppm) ı: 3.32 (t, 4H, JH–H = 5.6 cps, –CH2–)im, 3.41 (t,
H, JH–H = 5.8 cps, –CH2–)im, 4.50 (s, 4H, –CH2–). 13C NMR (CD3OD,
pm) ı: 161.4 (C N)im, 53.3 (–CH2–N), 34.5, 52.4 (–CH2–)im.

.2.2. Synthesis of bis(1H-benzimidazol-2yl-methyl)amine (BIm)
It was prepared in an analogous manner as following: imin-

diacetic acid (8.0 g, 60.0 mmol) and 1,2-diaminobenzene (13.0 g,
20.0 mmol) were ground and thoroughly mixed in a mortar as a
ne homogeneous mixture. This mixture was taken in a pyrex tube
long with a few drops of o-phosphoric acid. It was sealed under N2
tmosphere then heated at 190 ◦C for 2 h immersed in an oil bath.
n cooling brought to room temperature a dark coloured hard

olid mass was obtained, which was crushed to fine powder. It was
xtracted in a magnetically agitated 500 mL of methanol, filtered
ff and the black residue was discarded. The brown colour extract
as evaporated to dryness under vacuum to give microcrystalline

olid. The solid was recrystallized from methanol [pink colour, m.p.
60 ◦C, yield 10.80 g, ∼65%]. Anal. calc. for C16H15N5: C, 69.31; H,
.41; N, 25.27. Found for (BIm): C, 69.34; H, 5.29; N, 25.29. FAB-mass
f BIm (m-nitrobenzylalcoho NBA, matrix): [BIm + H]+ (m/z = 278),
BIm–C6H4(NH)NC] (m/z = 160), [BIm–C6H4(NH)N.C.CH2]
m/z = 146), [BIm–C6H4(NH)N.C.CH2.NH] (m/z = 131), [BIm–C6H4
NH)N.C.CH2.NH + H]+ (m/z = 132), [C6H4(NH)N + 3H]+ (m/z = 108),
C6H4(NH)N + 2H + Bz3]+ (m/z = 261), [BIm + Bz3] (m/z = 431).
V–visible (CH3OH) 390 nm (ε = 1.5×103 Lmol−1 cm−1). 1H NMR

CD3OD, ppm) ı: 7.22 (m, 4H, ring proton), 7.53 (m, 4H, ring
rotons), 4.16 (s, 4H, CH2 ). 13C NMR (CD3OD, ppm) ı: 140.5
C N)im, 115.2, 124.6,140 (C C)ar, 40.7 (–CH2–N).

.3. Synthesis of [Fe(Im)Cl3] (1) and [Fe(BIm)Cl3] (2)

A methanolic solution (10 mL) of anhydrous ferric chloride
0.64 g, 4.0 mmol) was dropped to a magnetically stirred solution
f the ligand (4.0 mmol) taken in 60 mL methanol with stir-
ing at room temperature. Reddish-yellow colour solution was
ormed after complete addition of the metal salt. The reaction

ixture was stirred for ∼2 days at room temperature, which
ave yellow coloured precipitate. The precipitate was filtered
ff, washed with three portions of 2 mL methanol and dried in
acuo [m.p. 186 ◦C (1); 162 ◦C (2)]. Anal. Calc. for C16H15N5FeCl3:
, 27.94; H, 4.36; N, 20.37. Found for (1): C, 27.84; H, 3.31;
, 20.45. FAB-mass of (1) (m-nitrobenzylalcoho NBA, matrix):
Fe(Im)Cl3 + H]+ m/z = 343, [Fe(Im)Cl2–H]+ m/z = 306, [Fe(Im)Cl]+

/z = 272, [Fe(Im) + H]+ m/z = 238. Anal. Calc. for C16H15N5FeCl3:
, 47.66; H, 3.72; N, 17.37. Found for (2): C, 47.23; H, 3.64;
, 17.24. FAB-mass of (2) (m-nitrobenzylalcoho NBA, matrix):

Fe(BIm)Cl3 + H]+ m/z = 439, [Fe(BIm)Cl2]+ m/z = 403, [Fe(BIm)Cl]+

[
a
c
i
p
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/z = 368, [Fe(BIm) + H]+ m/z = 334. [The spectra of the complexes
ontained bunch of peaks pertinent with the natural isotopes abun-
ance ratio. The Fe as well as Cl nuclei are known to exhibit two
aturally occurring isotopes with varying natural abundance. The
/z value of the isotope having highest intensity have been consid-

red].

.4. Physico–chemical measurements

IR spectra were recorded on a Perkin–Elmer spectrum GX
utomatic recording spectrophotometer as KBr disc. 1H and 13C
MR spectra of compounds dissolved in CD3OD were recorded
n a Brucker DRC-300 spectrometer using SiMe4 (TMS) as inter-
al standard. Electronic spectra of 10−3 M solutions in CH3OH
ere obtained on a Cintra 5GBS automatic recoding spectropho-

ometer at room temperature. FAB-mass spectra were recorded
n Jeol SX-102/DA-6000 mass spectrometer using argon (6 kV,
0 mA) as the FAB gas. The accelerating voltage was 10 kV and
he spectra were recorded in m-nitrobenzyl alcohol (NBA) matrix.
he matrix peaks appeared at m/z = 136, 137, 154, 289 and 307.
agnetic susceptibility on the solid complexes were made at RT

y Gouy method using Hg[CoNCS)4] caliberant. The Mössbauer
easurements were performed at IUC-DAE, Indore, India using a
ulti-channel analyzer in constant accelerating mode. The source
as Co57 in Rh matrix (15 mci strength) and the instrument was

aliberated with respect to natural Fe. The data were analyzed
sing least square program, NORMOS-SITE. Microanalysis for C,
and N were obtained from Microanalytical Laboratories, CDRI,

ucknow.

. Results and discussion

The ligand, bis(4,5-dihydro-1H-imidazol-2-yl-methyl)amine
Im) was prepared employing a ring closure condensation
eaction between iminodiacetic acid, NH–(CH2COOH)2 and 1,2-
iaminoethane, NH2(CH2)2NH2 in presence of ortho-phosphoric
cid under melt condition (∼190 ◦C) in a closed reaction vessel
Section 2). The substituted analogue, bis(1H-benzimidazol-2yl-

ethyl)amine (BIm) was also obtained in an analogous manner
sing the aromatic analogue 1,2-diaminobenzene NH2C6H4NH2.
he presence of ortho-phosphoric acid facilitates the condensation
eaction as a catalyst affording a fairly good yield (yield > 60%) of
he final products. The spectral studies presented here confirm the
roposed ring closure mechanism as shown in Figure 1S (Supple-
ental Information) leading to the formation of (Im) or (BIm). The

wo imidazoline or benzimidazole rings of (Im) or (BIm) are bonded
o a secondary amine function via methylene (–CH2–) skeleton or
inkage. The ligands provide three potential sites to coordinate Fe3+

on as tridentate chelating ligand resulting in complexes of stoi-
hiometry FeLCl3 [L = Im (1) or BIm (2)].

.1. Analytical and FAB-mass spectral studies

Analytical data of compounds are consistent with their pro-
osed molecular formulae (Section 2). FAB-mass spectral data
urther supported the proposed stoichiometries of the compounds.
AB-mass spectrum of (BIm) exhibited a strong intensity (99%
bundance) peak at m/z = 278 assignable to the molecular ion
(BIm) + H]+. However, for (Im) the spectrum peaks did not contain
eaks assignable to any of the various probable molecular ions viz.

(Im) + 2H]+, [(Im) + H]+, [(Im)]+, [(Im)–H]+ or [(Im)–2H]+, expected
t m/z = 183, 182, 181, 180 or 179, respectively. A low volatility
oupled with a small thermal stability of the expected molecular
on (s) are usually responsible for an absence of the characteristic
eak. It is possible that the molecular ion is quite reactive adding
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p with the matrix (NBA) fragments to generate the correspond-
ng addition products [16]. The spectrum exhibited prominent
eaks (∼70% abundance) at m/z = 333, 472 and 490 assignable to
(Im)–2H + Bz3]+, [(Im) + 2H + Bz4]+ and [(Im) + 2H + Bz5]+, respec-
ively, which are addition products of the molecular ion with the

atrix fragments (Bz3, Bz4 and Bz5). The observed high abundance
∼70%) of the above peaks suggest that the addition products have
ood volatility. The spectra contained weak to strong intensity
eaks due to species generated from the thermal fragmentations
f the molecular ions.

The FAB-mass spectra of complexes (1) and (2) contained
eaks at m/z = 343 and 439 consistent with the molecular ions
Fe(Im)Cl3]+ and [Fe(BIm)Cl3]+, respectively. These molecular ions
urther lose exocyclic ligands i.e. counter anions in a step-wise frag-

entation process, which ultimately produce the corresponding
pecies [Fe(Im) + H]+ (m/z = 238) and [Fe(BIm) + H]+ (m/z = 334). The
AB-mass spectral data of the complexes confirm that the present
igands provide strong chelation towards Fe3+, which is consider-
bly robust even under FAB-mass condition. The observed molar
onductivities (�m = 30 ohm-1cm2mole-1) measured in DMSO
ndicate the non ionic nature [17] of the present complexes in solu-
ion.

.2. IR spectral studies

IR spectra of ligands and the complexes [Fe(Im)Cl3] (1) and
Fe(BIm)Cl3] (2) contained absorption frequencies characteristic of
he �(C N) and �(C C) stretching vibrations of the imidazoline or
enzimidazole ring which are presented in Table 1S (Supplemen-
al Information), along with their tentative assignments [18]. The
pectra did not show the characteristic carboxylic group �(C O)
nd �(O H) stretching vibrations of the iminodiacetic acid reported
o occur [19] in 1700–1800 cm−1 and 3400–3500 cm−1 regions,
espectively. The absence of these bands along with the appear-
nce of characteristic ring vibrations are in accordance with the
roposed ring closure mechanism presented in Figure 1S (Supple-
ental Information). The additional strong intensity band observed

t 3280 cm−1 is due to �(N–H) stretching vibration of the secondary
mine group [19,20]. The position of this band is significantly
hifted (��∼=50 cm−1) to a lower frequency in the complexes
elative to that in the free ligands. This negative shift is due to
oordination of the metal ions to the secondary amine nitrogen.
n addition the observed small positive shift (��∼=15–30 cm−1) in
he characteristic �(C N) stretching vibration of the ring indicates
dditional coordinations from the pyridyl nitrogens of the imidazo-
ine or benzimidazole ring [18]. A medium intensity band observed
t 400 cm−1 in the complexes assignable [19,21] to the (M–N)
ond stretching vibration. Furthermore, weak intensity bands in
30–250 cm−1 region is characteristic of (M–Cl) bond stretching
ibration in the complexes. This is due to the presence of a con-
iderable interaction between the counter Cl− anions with Fe3+ ion
f the complex cations [Fe(L)]3+. The counter Cl− ion is known to
ehave as a weak exocyclic ligand towards the various transition
etal ions [19] to result in a coordinatively saturated geometry

hexa-coordinate in the present case).

.3. NMR spectral studies

The position with tentative assignments [22] of the 1H and 13C
MR resonance signals observed in the spectra of the ligands are
ummarized in the Section 2. The imidazoline ring –CH2– protons
esonances in (Im) appeared as two separate equal intensity sym-
etrical triplets. However, for (BIm) the observed two well resolved

qual intensity symmetrical multiplets are characteristic of aro-
atic protons in AA′, BB′ environments of the substituted benzene

a
a
m
b
T

a Part A 71 (2009) 1845–1850 1847

ings [23]. The symmetrical nature of the observed resonance peaks
uggests presence of a two fold C2 symmetry axis and �v symme-
ry mirror planes characteristic of C2v point group of the molecular
ymmetry. The spectra contained an additional singlet in 4.1–4.5 ı
egion assignable to the skeleton –CH2– protons bond to secondary
mine function. Signal due to NH protons was not indicated prob-
bly, due to a fast proton exchange coupled with the quadrupole
elaxation effect [24] of N (I = 1). However, for the complexes the
bserved broad undefined feature for the resonance peaks is due
o paramagnetic effect of Fe3+ [25].

.4. Electronic (ligand field) spectral studies

The electronic spectra of (Im) and (BIm) recorded in CH3OH
xhibited a strong intensity band (ε∼=1.5×103 Lmol−1 cm−1) at
90 nm (25.640 cm−1) and 398 nm (25.130 cm−1), respectively,
hich is attributed [26,27] to an electronic transition form the
lled � orbital (HOMO) to the empty �* orbital (LUMO) i.e. �→�*
ransition of the iminic (C N) function present in the ligand moi-
ty. The electronic spectra of complexes contained three relatively
eak intensity bands (ε∼=10–50 Lmol−1 cm−1) characteristic of

igand field (d–d) transitions [28] in addition to a broad strong
ntensity band due to the ligand �→�* transition in conjuga-
ion with the metal← ligand (M← L) charge transfer transition
and. In complexes the position of �→�* transition band is
ed-shifted (shift to higher wavelength or lower energy) com-
ared to that observed in the free ligand. This shift to lower
nergy indicates either a stabilization of �* (LUMO) or destabi-
ization of � (HOMO) after complexation with the metal ion. The

etal (d�)–ligand (�*) overlap, which enhances the extent of back
onation usually lowers the energy or stabilizes the HOMO. The
bserved ligand field (d–d) bands are characteristic of an octahe-
ral coordination around high-spin Fe3+ ion whose position along
ith assignments have been summarized in Table 2S (Supplemen-

al Information). We could not succeed in obtaining single crystal
uitable for X-ray crystallographic studies even after repeated
ecrystallization. However, molecular model computations dis-
ussed below have enabled us to propose theoretical perspective
egarding the most probable shapes of the ligands and their com-
lexes.

.5. Molecular modeling studies

The molecular model computations based on CSChem-3D-
OPAC were employed [29,30] to solve probable molecular

tructures of the ligands [(Im) & (BIm)] as well as of the complexes
1) and (2). The mechanical adjustments via augmented mechani-
al fields were used to draw the optimized minimum energy plots,
s shown in Figs. 1–4. The plots (Figs. 1 and 2) indicate that the
otential donor aza atoms in the ligands (Im) and (BIm) do not lie

n same plane, as the energy requirement for such an arrangement
ould involve high energy. Furthermore, in complexes (1) and (2)

he ligands behave as a tridentate [N,N,N] chelating agent, and the
exa-coordinate geometry around Fe3+ is achieved through addi-
ional coordination from the counter chloride ion. The appearance
f weak intensity bands in 230–250 cm−1 region characteristic of
(M–Cl) stretching vibration [19] in the IR spectra of complexes
upported coordination from the Cl− counter anion. The ligands
ind Fe3+ in mer. arrangement as the most probable mode of coor-
ination (Figs. 3 and 4) because the aza donor sites [N,N,N] are

way from the coplanarity. The alternative fac. arrangment requires
coplanarity of all the bonded aza sites has a high-energy involve-
ent and therefore it is less probable. The computed important

ond lengths and bond angles in the molecules are presented in
able 3S (Supplemental Information).
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(�eff.∼=6 BM) as summarized in Table 3S (Supplemental Informa-
tion) are comparable to the spin-only moment (�so∼=5.9) for five
unpaired spins in a high-spin state of Fe3+ [32]. The magnetic
moment for low-spin state configuration of d5 (t2g

5) system, which
Fig. 1. The perspective view of the ligand (Im).

.6. Mössbauer and magnetic moment studies

The 57Fe-Mössbauer spectral informations coupled with the
agnetic moment data provide ample idea about the molecularity

s well as the coordination geometry. The observed represen-
ative Mössbauer spectra along with the important computed
arameters like isomer shifts (ı), quadruple splittings (�EQ), line
idths and peak height ratio (HWh/HWl) of (1) and (2) are shown

n Figs. 5 and 6, respectively. The least square fit methodology
mploying Lorentzian line shape was used for the spectral plots,
hich clearly indicate that the spectra contained only one type

uadrupole split doublet. This is consistent with the presence of
nly one electronic and stereo–chemical environment around iron
ucleus in the lattice of the complex moiety. The magnitude of

somer shift (ı) and the quadrupole splitting (�EQ) parameters
f the present complexes are in the range [31] of the various
igh-spin state Fe3+ nuclei (t 3,e 2) in a hexa-coordinate envi-
2g g

onment of the ligands. This indicates that Fe3+ ion in the present
omplexes acquire [31] a high-spin state (S = 5/2) rather than a
ow-spin (S = 1/2) ground state electronic configuration (t2g

5). The
agnetic moment studies of (1) and (2) further confirmed the high-

Fig. 2. The perspective view of the ligand (BIm).
Fig. 3. The perspective view of the complex [Fe(Im)Cl3] (1).

pin state of the metal ion. The observed magnetic susceptibility
Fig. 4. The perspective view of the complex [Fe(BIm)Cl3] (2).
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ig. 5. Representative Mössbauer spectrum for the complexes (1) with the corre-
ponding Mössbauer parameters recorded at 298 K.

ffectively contains only one unpaired spin requires �eff.∼=2.0 BM.
his is far from the observed �eff. value, henceforth, ruled out
ts possibility. The quadrupole doublets are symmetrical in nature

hich did not support the presence of any fluctuating electric
r magnetic field near the Mossbauer Fe3+ nucleus and more-
ver, there is a possibility of the spin-lattice relaxation [31,33].
he average peak position (ı) is in the positive side indicat-
ng that the s electron density on the metal ion is smaller [31]
n the complexes relative to that of the source. The observed
eak height ratios (WHh/WHl) are comparable to that reported
34] for the monomeric high-spin Fe(III) complexes. The magni-
ude of ı determines the coordination geometry which varies in
he order: eight-coordinate > six-coordinate > four-coordinate [34]
uch that for six-coordinate geometry it is close to 0.6 mm s−1

35]. An increase in the extent of distortion from perfect octahe-
ral (Oh) symmetry tends to lower the magnitude of ı even in a
ix-coordinate Fe(III) complex such that it can attain a magnitude
lose to that of the four-coordinate geometry (i.e. ı < 0.4 mm s−1).

n the present complexes, too the observed magnitude of ı indi-
ates a considerable distortion in the over all geometry around Fe3+

on. This produces a considerable ligand field asymmetry, causing
he quadrupole splitting even in the high-spin (d5,t2g

3,eg
2) state

lectronic configuration of Fe3+. The quadrupole split peaks lie in

ig. 6. Representative Mössbauer spectrum for the complexes (2) with the corre-
ponding Mössbauer parameters recorded at 298 K.
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[

[

[

[
[
[
[

[

[
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[

[

[

[

[

[
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he positive direction of the zero velocity which reflects that the
össbauer nuclear excitation involve transition from high-energy

I =±3/2) to low-energy (I =±1/2) i.e. the effective nuclear transi-
ion is Fe (±3/2→±1/2). The application of external magnetic field
id not affect any further magnetic splitting suggesting that the
uclear magnetic field near the Mössbauer nucleus is either absent
r it is too low to show any significant interaction such that the
pin states remain doubly degenerate (i.e. presence of Kramer’s
egeneracy).
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