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On the “Brown-Ring” Reaction Product via Density-Functional Theory
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On the basis of the density-functional theory, the properties of the reaction product{H&#D)]>" of the

classical “brown-ring” reaction are studied via the B3LYP hybrid method. Here we have found thatthe Fe
N—O bond in the optimized structure of [Fe®)s(NO)]?" is linear. In addition, the vibrational frequency,

atomic net charges, and spin density are analyzed and then the solvent effects are incorporated via the polarized
continuum model self-consistent reaction field. Furthermore, the excitation energies are evaluated using the
CIS method. Results when compared with experimental data indicate that the spin-quartet ground state of
[Fe(H.0O)s(NO)J?" is best described by the presence of Fe= 2) antiferromagnetically coupled to NG (

=1/,), yielding [Fe' (H,0)s(NO)]?*. This is clearly different from either [gH,O)s(NO)]?* or conventional

textbook [F&H,0)s(NO™)]?" assignment.

Introduction Finally, 58% zero-field Masbauer spectrum peak (Figure 3 in
: | e
The reactions of nitric oxide (NO) coordinated to transition ref 10b) was assigned as'Fehe large equilibrium constant

. ot LI
metals have both theoretical and experimental interests due to’t?]Neoer:ﬁesf%rc':rjn:eaecat:(oghcc))ug%%?fi]sinarf]rc(j)r’:%Iend:g?jtlljr(];? [Fe-
their biological and environmental important&Nitric oxide (H20) (NOF))]2+ P g P

has been shown to play significant roles in intracellular ‘' '2-/° . .

signaling, cytotoxic immune response, vasodilatation, and blood To investigate the electronic structure of the ground state [Fe-

2+ — 3
pressure regulatiof The NO can bind reversibly to the ferrous ngZO.)tF’(’\:O)]t. prr)tiuct SD_F 12), |W? thave Ap\)erfqrrtnedf tti:]e
center of an iron enzyme and generate stable nitrosyl complex, d€nsity-functional theory (DFT) calculations. A variety of the

It can also be used as a probe of a non-heme iron activeSite. electronic structures of the [Fef8)s(NO)J*" (S= /) product

; ; : ; ible. They are listed according to the 2+, or 3+
Understanding the interaction between NO and metal targets jsaré possi ) "
key to understanding the in vivo chemistry of nitric oxide. The cgzir%e orkljthltzae;ed%tosm_alsiol\lllg\évséial)/ [ Géf (5= /2)_?@;
radical character of NO can function as an electron donor, giving (S=0) O [ (S=1) (S= 17)] ferromagnetically

NO*, an electron acceptor, giving Nisoelectronic with G), coupled or [F&" d° (S= 2)—N050 (S= 1/12)] antiferromagneti-
or as a neutral NEradical?-? cally coupled, and (c) [Fe d® (S = Y/,)—NO~ (S = 1)]

: C ferromagnetically coupled and [Fed® (S= 3/,)—NO~ (S=
Recently, Wanat et al. have studied the classical “brown- Y e a5 e . ;
ring” displacement reaction of coordinated water ol by 0)] or [Fe™" d° (S= */2)~NO" (S= 1) antiferromagnetically

NO.10 Their IR peak at 1810 cnt was only slightly shifted to ~ cOuPled- _ o
the F&(L)NO complex (L= edtd"), which is known to bind According to the above charge and spin combinations, there

NO as F&—NO-5 In the X-band electron paramagnetic &€ four possible charge and spin characters for the NO ligand,
resonance (EPR) spectrum of nitrosylated solution, similar nar_nely, NO (S= 0), NO& (S= /), NO™ (S= 1), and NO
subspectra were observed for solutions of o®er 3/, ground (S=0). To identify the character for the NO ligand, the_DFT
states of thé FeNG} 7 species. On the basis of the resemblance c@lculations are performed on the free nitric oxide NS =

9 1/,) and its ions NG (S= 0), NO~ (S= 1), and NO (S= 0),
of Mossbauer, EPR, and IR parameters of the [F@&J(NO)]2" 2 . "
product to those of FeNG 7 units in other well-characterized ~ 'eSpectively. The geometry of the reactant [F€)]*" (S =

nitrosyl complexe§81L12 they concluded that the reaction 2) is also optimized to compare the net charge on the Fe atom
? i 2 — 3
product [Fe(HO)s(NO)J]?t is best described as [I¢H,0)s- with the product [Fe(RO)(NO)I*" (S = */2).

(NO)>*. ,
However, the conclusion of Wanat et al. is in conflict with COomputational Method
the classical [P¢H,0)s(NO*)]?* assignmeri® usually quoted Calculations based on DFT are carried out in this investiga-

in undergraduate textbooks. Meanwhile, we believe the spectraltion. Here we use the unrestricted B3LYP hybrid method

evidence of Wanat et al. is not strong enough to support their involving the three-parameter Becke exchange functi6aald

[Fe*" (S= %2)—NO" (S= 1)] claim. The reasons are 3-fold. 3 Lee-Yang—Parr correlation functionaf. All calculations are

First, the IR peak observed at 1810 chwas closer to the 1871 performed using the Gaussian 98 progfénThe gas-phase

cm-* peak of free NO instead of NO*>Second, the EPR  geometry optimizations are performed at 6-31G(d,p), 6-311G-

absorption peak aroungl= 1.9 is typical of the NO radical. (d,p), 6-311G-(d,p), and 6-3116+(d,p) Gaussian-type basis

. sets. Solvent effects of [FefB)s(NO)J%™ (S = %/5) in water
flﬁ‘ﬁthoétot\"l\‘;hom correspondence may be addressed. E-mail: hycheng@ gre taken into account for the optimized geometfiesa the

me 'Tulri'geh; ‘University. self-c_onsistent_ reaction field (SCRF) method using the 'I_'omasi's
*National Tsinghua University. polarized continuum model (PCMY.For all PCM calculations,
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TABLE 1: Optimized Bond Distances (A) of Fe-N Bonds
for [Fe(H,0)sNO]?" (S = 3/,) and Average Fe-O Bonds for
[Fe(H.0)e)2" (S = 2) Using Different Basis Sets

RF&N RF(_FO
basis set ([Fe(H0)sNOJ?") ([Fe(H0)e]?")
6-31G(d,p) 1.78 2.14
6-311G(d,p) 1.79 2.14
6-3114+G(d,p) 1.81 2.16
6-311++G(d,p) 1.81 2.16

TABLE 2: Optimized Bond Distances (A) of N—O Bonds
for [Fe(H,0)sNOJ?* (S = 3,), NO° (S = 1/;), NO* (S = 0),
NO~ (S = 1), and NO (S = 0) Using Different Basis Sets

RN—O
[Fe(H:0)-  NO° NO NO- NO-
basis set NOP* (S=1%,) (S=0) (S=1) (S=0)
6-31G(d,p) 1.15 1.16 107 1.28 128
6-311G(d,p) 1.14 115 106 127 127
6-311G(d,p) 1.13 115 106 126  1.25
6-311-+G(d,p)  1.13 115 106 126 125

TABLE 3: Calculated Vibrational Frequency (cm 1) for
[Fe(H20)sNOJ?" (S = 35,), NO° (S = Y,), NO* (S = 0), NO~
(S=1), and NO (S = 0) Using Different Basis Set%

Qoo NO* NO~ NO~
basis set [Fe(kD)sNO2+ (S=1;) (S=0) (S=1) (S=0)
6-31G(d,p) 1895 (1908) 1892 2356 1394 1400
6-311G(d,p) 1901 (1906) 1889 2369 1372 1380
6-3114+G(d,p) 1896 (1901) 1880 2367 1344 1375
6-311-+G(d,p) 1898 (1902) 1880 2367 1344 1375

aValues in parentheses are results with solvation effects.

TABLE 4: Atomic Net Charges (Q in ) on the Fe Atom
for [Fe(H20)¢]?" (S = 2) and on the Fe Atom and NO
Ligand for [Fe(H 20)sNO]J?* (S = 3/,), Respectively, via NBO
Population Analysist

[Fe(H:0)e2* [Fe(H0O)sNOJ?"
basis set Qre Qre Qno
6-31G(d,p) 1.63 1.73(1.78) —0.12 (-0.19)
6-311G(d,p) 1.67 1.68(1.73) —0.04 (-0.10)
6-311+G(d,p) 1.59 1.45(1.49) 0.12 (0.05)
6-311++G(d,p) 1.59 1.45(1.49) 0.12 (0.05)

aValues in parentheses are results with solvation effects.
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TABLE 5: Total Atomic Spin Densities for [Fe(H,0)sNO]2"
(S = 3%/,) Using Different Basis Set3

basis set Fe NO $Dax (H20)a,eq
6-31G(d,p) 3.87(3.92)—1.04 (-1.10) 0.02(0.03) 0.14 (0.15)
6-311G(d,p) 3.82(3.86)—0.98 (-1.02) 0.02(0.03) 0.14 (0.13)

6-311+G(d,p)  3.74(3.80) —0.90 (-0.98) 0.02(0.03) 0.14 (0.15)
6-311++G (d,p) 3.73 (3.79) —0.90 (-0.98) 0.02 (0.03) 0.15 (0.16)

aValues in parentheses are results with solvation effects.

TABLE 6: UB3LYP/6-311++G(d,p) NAO Occupations for
[Fe(H20)5NO]2+ (S = 3/2)

o spin-orbital f spin-orbital
atom NAO occupancy occupancy

Fe 4s 0.12 (0.12) 0.11 (0.11)
3y 0.99 (0.99) 0.05 (0.05)

3d., 0.97 (0.98) 0.51 (0.47)

3d,, 0.97 (0.98) 0.54 (0.52)

3de-y2 0.99 (0.99) 0.13 (0.14)

3d.2 0.98 (0.98) 0.14 (0.15)

N 2s 0.80 (0.80) 0.75 (0.75)
2p« 0.43(0.41) 0.65 (0.67)

2p, 0.43 (0.41) 0.62 (0.64)

2p, 0.57 (0.57) 0.56 (0.56)

e} 2s 0.85 (0.85) 0.86 (0.86)
2p 0.59 (0.61) 0.84 (0.86)

2p, 0.59 (0.61) 0.83 (0.84)

2p, 0.71 (0.71) 0.70 (0.70)

aValues in parentheses are results with solvation effects.

All optimized Fe-N—O angles in [Fe(k)s(NO)]?* are
18Cr. As described in the literatufe?? the linear Fe-N—0O is
usually being viewed as Feand NO', and the bent FeN—O
as Fe and NO for the {FeNG 7 complex. Notice that our
Fe—NO bond for [Fe(HO)s(NO)]%" is linear but the bonds of
the Fé*—NO~ complexes in refs 5 and 6 are bent.

Table 2 illustrates the optimized-ND bond distances for
[Fe(H.0)s(NO)J?" (S= 3/,) and the nitric oxide NO(S= 1/,)
and its ions NO (S= 0), NO (S= 1), and NO (S= 0),
respectively. Notice that in Table 2, the{D distances converge
to 1.13, 1.15, 1.06, 1.26, and 1.25 A for [Fe(®)s(NO)]?*,
NOP (S=1/;), NO* (S= 0), NO (S= 1), and NO (S= 0),
respectively. The converged ND distance for [Fe(kD)s-
(NO)J?" ranging between those of NOS= 0) and NO (S=
1/5) is closest to that of N®O(S = 1/,). The converged NO

the number of initial tesserae/atomic spheres was set to 60 asjistance for both NO (S= 1) and 6= 0) are too long when

in the default.

The vibrational frequencies of the optimized structure are

calculated to compare with the IR experimental détdhe

electronic structures have also been analyzed using the nature_

bond orbital (NBO) partition schenfé.An important feature

compared with that of the [Fe@®)s(NO)]% .

The calculated vibrational frequencies for optimized [Fe-
(H20)5(NO)J?t (S= %/3), NO° (S=1/,), NOT (S=0), NO (S
1), and NO (S= 0) are listed in Table 3. Because of the
well-recognized overestimation of the vibrational frequencies

of the NBO method is that the presence of diffuse functions in by the SCF method, all frequencies are scaled down by a factor

the basis sets does not affect the results. To analyze the UV
vis propertie¥’ qualitatively, we perform the singles CI (CIS)
method based on the unrestricted B3LYP [F&£Bis(NO)]>"
ground state$ = 3/,) wave functions.

Results and Discussions

of 0.95. According to Table 3, the gas-phase ® stretching
modes are 1898, 1880, 2367, 1344, and 1375'cfor [Fe-
(H20)5(NO)J?*, NO° (S = 1/3), NO* (S= 0), NO (S= 1),
and NO (S= 0), respectively, when using the 6-3t%(d,p)
basis set. The NO stretching mode for [Fe(®)s(NO)]>"
ranging between those of NQS = 0) and NG (S= 1) is

The gas-phase geometry optimizations are performed for [Fe-closest to NO (S = ¥/,). The N-O stretching modes for both

(H20)sNOJ2T (S= 3%/,), [Fe(H:0)g]2" (S= 2), and the free nitric
oxide N@ (S= %,) and its ions NO (S= 0), NO (S= 1),
and NO (S= 0), respectively. The optimized bond distances
of Fe—N bonds for [Fe(HO)sNOJ?* (S = 3,) and average
Fe—O bonds for [Fe(HO)s]?" (S = 2) are listed in Table 1.

NO~ (S= 1) and § = 0) are too low when compared with
those of [Fe(HO)s(NO)]?*. The N-O stretching modes for [Fe-
(H20)5(NO)]?* in solution are almost the same as those of the
gas phase.

On the basis of the above-ND bond distance and vibration

The optimized geometries converge when using the larger basisfrequency results, the characteristics of the NO ligand in [Fe-

sets such as 6-3#iG(d,p) and 6-311+G(d,p). For instance,
the Fe-N distance converges to 1.81 A for [Fe(®)s(NO)]2+
and the average FeO distance to 2.16 A for [Fe(#®)s]?*.

(H20)5(NO)]2* (S = 3/,) are more likely to be NO(S = /5,)
than the others. Hence, it is only possible to couple withFe
in [Fe(H:0)s(NO)J** (S = %>).
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TABLE 7: Excitation Energies and Oscillator Strengths? for [Fe(H0)sNO]2" (S = 3/,) via CIS Method under 6-311++G(d,p)
Basis Set

excitation energy (nm)

323 (0.110) 415 (0.001) 416 (0.001) 501 (0.001) 525 (0.001)
Main orbital excitatioh 428 — 448 (0.52) 43P — 485 (0.94) 428 — 483 (0.94) 4 — 475 (0.93) 43— 475 (0.95)
from— to 433 — 455 (0.50) 478 — 485 (0.35)

380 — 470, (-0.39)
380 — 480 (—0.35)
expP 336 451 585

2Values in parentheses are oscillating strengtieference 105 Values in parentheses are the coefficientsof the wave function for each
excitation. Here, only the square @f> 0.10 is given.

To verify the oxidation state of the Fe atom in the [Fg0b- TABL)E ?:SMain and Percerllt C(IJm[)cg)sti);io?sfand Energies ¢,
NO)]2* (S = 3,) ion, the atomic net charges on the Fe atom N €V) of Some Frontier Molecular Orbitals for
1Sor tr)1]e re(actantz[)Fe(11(1))6]2+ (S=2)and the?Fe(lzD)g—,(NO)]2+ [Fe(H20)sNOJ*" (S = ) via UB3LYP/6-311++G(d.p)

(S=3/,) ion are studied. The calculated atomic net charges on main percent composition
the Fe atom of [Fe(bD)e]?+ (S= 2) and Fe atom and NO ligand MO? composition Fe NO bDa (H2O)seq € (V)
of [Fe(H:0)s(NO)J*" (S = 3/) via NBO population analysis 38,0 Fe(dy) 74 9 0 17 —193
are illustrated in Table 4. For the gas phase, the net charges on39a. 0  Fe(d,) 81 6 8 5 -19.2
Fe atoms for [Fe(kD)s]?" and [Fe(HO)s(NO)]?" are 1.59 and 40000  (HO)seq Fe(de—y)) 28 3 5 64  —185
1.45 e for the larger 6-31G(d,p) and 6-31++G(d,p) basis 4100 (H0)seq 2 0 0 98  -184
sets, respectively. The net charges of Fe atom for b@liron 20.0 f_lHé))“f:‘L (Fdigdﬂ ig 8 8?3 82 :13'3
complexes are almost the same; the oxidation state of the Fe 4, o ("2|28))(:1eq Fe(d) 18 O 0 82  —179
atom for [Fe(HO)s(NO)]** should also be the same as that for 4560 Fe(d2-y), (H:O)eq 42 O 2 56 —17.7
[Fe(H0)]2™ (S = 2), that is,+2. According to Table 4, the 460 O Fe(d?)-NO(0) 47 19 10 24 —-17.2
net charge of the NO ligand i$ 0.12 e via larger basis sets ggx mggﬂyg g gg 8 11 —ﬁg
Lol ) . - pug ~11
indicating s!|ghtly part[al positive and nearly neutral charagter 4%V Fe(s) (HO) 37 5 15 43 36
of the NO ligand. Notice that in Table 4, when the solvation 500V (H:0)seq 5 2 0 93 76
effects are taken into account, the net charges on the Fe atomsig v (H,0),.q 7 1 0 92 —7.4
and the NO ligand for [Fe(}D)s(NO)]?* are very close to those 3880  (H.O)seq 2 2 0 96 —18.4
of the gas phase. Therefore, the?Feoupled with NG are 3P O (HO)eq 2 2 0 96  —18.2
most likely the structures for the [FeB)s(NO)J2+ complex. 4060 (HO)eq 2 4 2 92 -181
The total atomic spin densities for [Fe{®)sNOJ*™ (S= 3/, izlg 8 Eé?ax . 2 0 % 4 :18‘1
: : o . d) +NO(m*) 43 52 2 3 15.6
are listed in Table 5. Our axis is defined by the FeN bond; 4330 Fe(d) + NO(r*) 39 54 0 7 ~155
the HO ligand along thez axis is written as (kO).x and the 448V  Fe(d,) — NO(w*) 38 53 1 8 -11.6
other four HO ligands are written as @) eq The total spin 458V  Fe(d;) — NO(nc*) 43 54 0 3 —-115
densities using the 6-3%t-G(d,p) basis set are 3.73 and.90 466V Fe(dy) 93 0 0 7 —115
(3.79 and—0.98) in the gas phase (with solvation effects) for 476V Eggif)*_ﬁb(("'io)“'eq ig 2(; é ‘149 :18'8
Fe and NO, respectively. This result indicates that the idealized 498V Fe(s), (HzO)Z 35 8 19 38 85
total spinS= 2 on the Fe atom anfi= 1/, on the NO ligand. 508V (H20)eq 6 2 0 92 -76
Table 6 indicates the natural atomic orbitals (NAO) for [Fe- 515V (H20)seq 7 1 0 92 -7.4
(H20)sNOJ?" (S= *;) when usmg.the 6-3}H;+'(3-(.d,p) basis 20 and V represent occupied and virtual MOs, respectively.
set only. The results for other basis sets are similar. For the Fe
atom in the gas phase (with solvation effects), theNAO two values 415 and 416 nm are very close and correspond to
configuration is 4%%%0*%0 (4124499 and thes NAO config- the broad UV-vis region centered at 451 nm. The values 501
uration is 4811d'37 (4911d139), giving neta spin of +3.54 and 525 nm correspond to the broader and weakest absorbance
(+3.61) that corresponds to an idealized?Fef (S = 2) region centered at 585 nm. Hence, our calculated excitation

configuration. For the NO ligand in the gas phase (with solvation energies are qualitatively in agreement with the experimental
effects), the net result is a 0.84 (0.96¢lectron located in the  values.

a* orbital of NO, giving an idealized tota$ = 1/, of NO. According to Table 7, the main orbital excitation correspond-
In the combination of both Tables 5 and 6, results indicate ing to the excitation energy 323 nm is from molecular orbital
that Fé+ (S = 2) is antiferromagnetically coupled NS = (MO) 428 — 448, 438 — 453, 380 — 470, and 38 — 48a.

1/2). The values of¥’[Tor the gas phase (with solvation effects) The main-orbital excitation corresponding to the excitation

population analyses range within 3:92.96 (3.96-3.99) for energies 415 and 416 nm are fromp43- 48 5 and 48 —

all basis sets. These values are close to the i8&aH- /) 483, respectively. Similarly, the main-orbital excitation corre-

expectation value 3.75, indicating low-spin contaminafion. sponding to the excitation energies 501 and 525 nm are from
The excitation energies (nm) and oscillator strengths for [Fe- 428 — 473 and 4% and 4% — 470, respectively.

(H20)sNOJ2* (S= 3/,) are calculated by using the CIS method The Kohn-Sham MOs can be used in qualitative MO

based on the unrestricted B3LYP wave functions. The obtained discussions of molecular propert&sThe main and percent

results using the representative 6-311G(d,p) basis set are  compositions of frontier MOs for [Fe(®)sNOJ?+ (S = 3/y)

shown in Table 7. The predicted excitation energies allow us and the orbital energies (eV) using the representative 6-313-

to qualitatively describe the three broad regions centered at 336,(d,p) basis set are listed in Table 8. There arendénd 430

451, and 585 nm observed in the YVis spectra of ref 10. occupied spin-unrestricted MOs. Foispin MOs, occupied 46

Our calculated excitation energy at 322 nm corresponds to theis the HOMO. Its main contribution comes from a metal gf d

experimental 336 nm, which has the largest absorbance. TheThere is also a-antibonding interaction between the Fe2(d
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and the NOo. Occupied MO 38 is essentially a metal ofyg
(~75%), and there is a slight-antibonding interaction between
Fe and NOr. Occupied MO 38 is essentially a metal ofygl
(~81%) and has a slight-antibonding interaction between Fe
and NOuz. Virtual MOs 47 and 48 are the same in energy.
Virtual MOs 47 and 48 are mainly NOxy* and NO m,*,
respectively.

For /3 spin MOs, occupied MOs 42and 43 are fairly close
in energy. MO 43 corresponds to a strong-bonding inter-
action between Fe {g and NOx*, and MO 43 corresponds
to strongm-bonding interaction between Fegdand NOy*.
Virtual MO 448, the LUMO, is almost equally distributed

between iron and the NO ligand. The orbital corresponds to a

strongz-antibonding interaction between Fgjdand NOm*.
Virtual MO 453 corresponds to a strong-antibonding inter-
action between Fe (g and NO mz*. Virtual MO 46 f is
essentially a metal of i symmetry. Virtual MO 47 is
essentially a metal ofd.y2 symmetry and contributions from
(H20)4,eq Virtual MO 48 5 is mainly from Fe ¢ antibonding
with the NOo.

By analysis of the properties of MOs and CIS excitation
results, the UV-vis region centered at 336 nm can thus be
assigned as mainly due to a Fg,(g + NO (7*) — Fe (dzx)—

NO (z*) transition and the metal to ligand Fe{g) — NO

() charge transfer. The region centers at 451 nm can be
assigned as a Fe d) + NO (7*) — Fe (d 2)—NO (o)
transition and at 585 nm as a FgAg) + NO (7*) — Fe (de-y?)
transition.

Conclusion

The results of optimized structure, atomic net charges on the

Fe atom and the NO ligand, and vibrational frequency analysis
indicate that nearly neutral character of the NO ligand and the
Fe&t—NOP complex are the most likely electronic structures of
[Fe(HO)s(NO)]?>* even though there is a slight partial positive
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