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ABSTRACT: For a crystal to exhibit nonlinear optical (NLO)
activity such as second-harmonic generation (SHG), it must
belong to a noncentrosymmetric (NCS) space group.
Moreover, for these nonlinear optical (NLO) materials to be
suitable for practical uses, the synthesized crystals should be
phase-matchable (PM). Previous synthetic research into SHG-
active crystals has centered on (i) how to create NCS
compounds and/or (ii) how to obtain NCS compounds with
high SHG efficiencies. With these tactics, one can synthesize a
material with a high SHG efficiency, but the material could be unusable if the material was nonphase-matchable (non-PM). To
probe the origin of phase matchability of NCS structures, we present two new chemically similar hybrid compounds within one
composition space: (I) [Hdpa]2NbOF5·2H2O and (II) HdpaNbOF4 (dpa = 2,2′-dipyridylamine). Both compounds are NCS and
chemically similar, but (I) is non-PM while (II) is PM. Our results indicateconsistent with organic crystallographythe
arrangement of the organic molecule within hybrid materials dictates whether the material is PM or non-PM.

■ INTRODUCTION

Noncentrosymmetric (NCS) materials have been synthesized
with early transition metal (ETM) octahedra and/or acentric
organic molecules owing to the ability by which these basic-
building units (BBUs) arrange into NCS configurations.
Crystalline materials for second-order nonlinear optical
(NLO) applications such as efficient second harmonic
generation (SHG) activity require not only significant
molecular hyperpolarizabilities but also NCS crystal packing.1

When a material is NCS, it can have properties of piezo-
electricity, ferroelectricity, and NLO activity.2−5 Inorganic ETM
oxides (e.g., LiNbO3, KTiPO4, and BaTiO3, etc.) have been the
premiere NLO-active materials. Their high efficiencies led to an
investigation of how to construct crystals with greater
efficiencies. Chen’s anionic group theory stipulates that
materials of distorted polar polyhedra can lead to high SHG
efficiencies when the individual polar moments of the
polyhedra align within the bulk.6 Organic materials have been
examined for use as NLO-active materials owing to large
hyperpolarizability (β) values, ultrafast response times and
architectural flexibility.7,8 Conjugated molecules generally have
larger hyperpolarizabilities owing to the extent of charge
transfer (CT) and intermolecular interactions that can occur
with delocalized π electrons.8,9

For an SHG-active material to be optically useful with ease
and high efficiency, the material must be phase matchable
(PM); for a non-PM material, the SHG efficiency decreases as
the material’s size increases in certain size ranges. The phase-
matching technique is often used in both uniaxial and biaxial
acentric crystals for SHG of light waves by mixing two strong
collinear waves at the fundamental frequency to increase the
SHG efficiency.10−13 Phase matching of SHG is traditionally
achieved by utilizing birefringent and dispersive properties of
the crystal and is extremely sensitive to the refractive index. In
specific directions of the crystal the refractive index of the
harmonic wave is exactly the same as the refractive index of the
fundamental wave, and the two waves travel through the crystal
with exactly the same velocity; this results in phase matching in
a crystal. However, there are crystals in which phase matching is
not possible in any direction, for example, quartz.12,14 NCS
materials are typically synthesized first and then routinely
measured experimentally to find phase matching conditions or
to see if the specific directions for phase matching
exist;12,13,15,16 however, the relationship between phase
matchability and crystal structure of NCS materials has been
decidedly less discussed. Zyss and Oudar established relation-
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ships between microscopic and macroscopic nonlinearities of
molecular crystals and reported the optimal orientation of
molecules within crystals for bulk phase matching;17 To the
best of our knowledge, the optimal phase-matching orientations
of only a few molecules in their crystal structures have been
individually reported (e.g., 2-(N-prolinol)-5-nitropyridine
(PNP), N,N′-bis-(p-nitrophenyl)methanediamine (p-NMDA),
and 3,5-dinitro-2-[[(R)-(−)-1-phenylethyl]amino]-
pyridine).18−20 To analyze the origin of phase matchability of
NCS materials, this study presents an examination of the
relationship between phase matchability and crystal structure of
NCS materials, wherein two chemically similar SHG-active
compounds are found in one composition space in which one is
PM and one is non-PM. Two acentric basic-building units
(BBUs) consisting of an acentric molecule, 2,2′-dipyridylamine
(dpa), and a distorted ETM octahedron of a niobium cation
resulted in two new NCS structures that are in the composition
s p a c e o f N bO 2 . 5 / d p a /H F : c om p o u n d s ( I ) ,
[Hdpa]2NbOF5·2H2O, and (II), HdpaNbOF4. Both com-
pounds are SHG active: (I) and (II) belong to NCS space
groups P1 and Cc, respectively. Despite their chemical
similarity, non-PM compound (I) and PM compound (II)
are synthetically controlled by modification of reactant ratios.
We present a comparison of the two chemically similar NCS
materials to rationalize the PM character of the hybrid material
and the implications of this on design attempts to synthesize
PM SHG-active materials.

■ EXPERIMENTAL SECTION
Caution. Hydrof luoric acid is toxic and corrosive! It must be handled

with extreme caution and the appropriate protective gear.21−23

Materials. Niobium oxide (Nb2O5, 99.9%, Alfa Aesar), 2,2′-
dipyridylamine (C10H9N3, 99%, Aldrich) and aqueous hydrofluoric
acid (48% HF by weight, Aldrich) were used as received.
Syntheses. Compound (I) was synthesized by adding 0.1000 g

(3.76 × 10−4 mol) of Nb2O5, 0.4000 g (2.34 × 10−3 mol) of 2,2′-
dipyridylamine, and 0.80 mL (2.21 × 10−2 mol) of 48% aqueous HF to
a Teflon pouch;24 compound (II) was synthesized by adding 0.2000 g
(7.52 × 10−4 mol) of Nb2O5, 0.4000 g (2.34 × 10−3 mol) of 2,2′-
dipyridylamine, and 0.80 mL (2.21 × 10−2 mol) of 48% aqueous HF to
a Teflon pouch. The pouches were then sealed with an impulse sealer,
placed into a 125 mL Parr autoclave with a backfill of 45 mL of
deionized water, quickly heated to 200 °C, held at this temperature for
24 h, and cooled to ambient conditions at 0.1 °C/min. The colorless
single crystals of (I) and colorless single crystals of (II) were recovered
in air after vacuum filtration. The yields of (I) and (II) were 87.7% and
98.3% (based on Nb2O5), respectively.
Crystallographic Determination. Single-crystal X-ray diffraction

data were obtained on a Bruker-APEX II CCD diffractometer with
monochromatic Mo Kα radiation (λ = 0.71069 Å) at 100 K for (I) and
with monochromatic Cu Kα radiation (λ = 1.54178 Å) at 293 K for
(II). The crystal-to-detector distance was 60 mm, and data integrations
were made using SAINT-V7.23A.25 Multiscan absorption corrections
were applied to the data with SADABS.26 The structures were
determined by direct methods, completed by Fourier difference
syntheses with SIR9727 for (I) and SIR200428 for (II), and refined
using SHELXL-97.29 No higher symmetry or unit cells were found by
examination with PLATON.30 Hydrogen atoms of dpa molecules were
included in the refinement model as riding atoms in idealized positions
(C−H = 0.93 Å, N−H = 0.86 Å, and Uiso(H) = 1.5Ueq(C,N)).
Crystallographic data are reported in Table 1.
FTIR Spectroscopy. The FT-IR spectra of both compounds were

collected on a Bruker 37 Tensor FTIR equipped with an ATR
germanium cell. A total of 256 scans were recorded from 600 to 4000
cm−1 at a 4 cm−1 resolution, and a background spectrum was
subtracted.

Thermogravimetric Analysis (TGA). The TGA measurements
for both compounds were performed on a TGA Q50 with a standard
furnace under an argon atmosphere with a heating rate of 1 °C/min
from ambient temperature to 900 °C. The materials were held at this
temperature for 5 h and then cooled to room temperature at a rate of 1
°C/min.

Second Harmonic Generation Measurements. Powder SHG
measurements were performed on a modified Kurtz nonlinear optical
(NLO) system using a pulsed Nd:YAG laser with a wavelength of
1064 nm.31,32 A detailed description of the equipment and
methodology has been published.33 As the powder SHG efficiency
has been shown to strongly depend on particle size,32 (I) and (II)
were ground and sieved into distinct particle size ranges (<20, 20−45,
45−63, 63−75, 75−90, >90 μm). Relevant comparisons with known
SHG materials were made by grinding and sieving crystalline α-SiO2
and LiNbO3 into the same particle size ranges. No index matching
fluid was used in any of the experiments.

Impedance Measurements. Impedance measurements were
performed to determine if (II) exhibited piezoelectric resonance; we
were unable to obtain large single crystals of (I) that were suitable for
impedance measurements. A single crystal of (II) was painted with
silver paste on opposing parallel flat facets and air-dried to form a
parallel plate capacitor (metal insulator metal, MIM) with good
electrical contacts. The piezoelectric resonance characteristics of the
MIM were analyzed at room temperature using an Agilent 4294A
precession impedance analyzer (PIA). The magnitude and the phase
angle of the impedance were both collected from 40 kHz to 2 MHz.
The resonance and antiresonance frequencies were obtained by fitting
the peaks observed in the admittance and impedance plots to a
Gaussian distribution. Owing to the irregular dimensions of the typical
crystals, the effective coupling coefficient keff

2 was calculated using eq 1

=
−

k
f f

f
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n
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2

2 2

2
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where f n
2 is the resonance frequency and fm

2 is the antiresonance
frequency. This equation assumes a mechanical quality factor greater
than 102. This is a reasonable assumption given the number of
overtones and the suitable FWHM (∼2 kHz, < 0.5%) of the main
resonant peak.34

Table 1. Crystal Data, Structure Solutions and Refinements
for [Hdpa]2NbOF5·2H2O, (I), and HdpaNbOF4, (II)

formula [Hdpa]2NbOF5·2H2O HdpaNbOF4

formula weight (g·mol−1) 584.36 357.12
temperature (K) 100(2) 293(2)
crystal system triclinic monoclinic
space group P1 Cc
a (Å) 7.2697(4) 20.2084(5)
b (Å) 9.0944(5) 3.98043(9)
c (Å) 9.7580(5) 15.7991(4)
α (deg) 63.382(2) 90
β (deg) 73.810(2) 109.3866(13)
γ (deg) 80.398(2) 90
V (Å3) 553.23(5) 1198.90(5)
Z 1 4
maximum 2θ (°) 30.7 67.4
λ(Mo/Cu) Kα (Å) 0.71069 1.54178
ρcalc. (g·cm

−3) 1.754 1.979
Rint 0.024 0.017
R1 0.035 0.022
wR2 0.093 0.06
goodness-of-fit 1.08 1.11
dimension (mm) 0.30 × 0.21 × 0.19 0.18 × 0.10 × 0.04
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■ RESULTS
The NbO2.5/dpa/HF Composition Space. A composition

space diagram analysis can directly compare the effects of
different initial reactant concentrations on the composition or
phases of the final products. We performed additional
experiments with varied ratios of reagents in aqueous
hydrofluoric acid to examine the composition space of
NbO2.5/dpa/HF which was placed by different mass ratios of
the reactant metal oxides, 2,2′-dipyridylamine and HF as shown
in Figure 1. Four distinct crystallization fields occur in this

system. In region A, colorless single crystals of
[Hdpa]2NbOF5·2H2O (I) were observed. Colorless single
crystals of HdpaNbOF4 (II) were observed in region B. In
region C, NbO2F was formed, as determined by powder XRD
(JCPDS card 47-1231); in region D, unreacted Nb2O5 (JCPDS
card 27-1312) remained.
Structural Descriptions. Noncentrosymmetric structures

of (I) and (II) both contain niobium oxide-fluoride anions and
acentric [Hdpa]+ cations.
The structure of (I) in the space group P1 contains

disordered 0D BBUs of [NbOF5]
2−, see Figure 2. The six

Nb−F or Nb−F/O bond distances range from 1.907(3) Å to
1.940(3) Å (see Table 2). The niobium oxide-fluoride anion

[NbOF5]
2− link via the [Hdpa]+ cation through N−H+···F

hydrogen bonding (where N−H+ is the bridging amine of
[Hdpa]+). Hydrogen bonding additionally occurs through O−
H+···F and N−H+···O interactions, linking the water molecules
to the [NbOF5]

2− cluster and dpa ligands (Figure 4a and Table
3). Two nitrogen and carbon atoms are disordered within
aromatic rings owing to molecular rotation of the pyridine rings
around the amine bridge.
The crystal structure of (II) in the space group Cc consists of

infinite chains of an ordered 1D BBUs of [NbOF4]
− anions

linked by shared vertice-oxygen atoms. The [Hdpa]+ cations
occupy the spaces between the chains, as shown in Figure 3.
The [NbOF4]

− anions form in continuous and parallel chains
along the b axis through an oxygen bridge. The anions show a
strong distortion owing to the second-order Jahn−Teller
effect.35,36 As described by the glide plane along the b axis,
the polar chains of [NbOF4]

− align in an antiparallel
configuration. Each distorted niobium octahedron is composed
of four equatorial Nb−F bonds and two bridging O−Nb−O
bonds, one long Nb−O bond and one short Nb−O bond. The
mean equatorial Nb−F bond distance is 1.913(4) Å, the short
NbO bond length is 1.748(3) Å, and the long Nb−O bond is
2.235(2) Å (Table 2). These distances correspond with
previously reported 1D chains of [NbOF4]

−.37,38 The planar
[Hdpa]+ molecules exist on two planes that are at an angle of

Figure 1. Composition space of the NbO2.5, dpa, and HF system in
mass ratios.

Figure 2. Perspective view of the structure of compound (I) (a) along axis a; (b) along axis b.

Table 2. Selected Bond Lengths Ri for Compounds (I) and
(II)

[Hdpa]2NbOF5·2H2O (I) HdpaNbOF4 (II)

bond Ri, Å bond Ri, Å

Nb1F6 1.907(3) Nb1O1 1.748(3)
Nb1F5 1.918(3) Nb1F4 1.854(4)
Nb1F1/O1 1.920(3) Nb1F1 1.894(4)
Nb1F4/O4 1.930(3) Nb1F3 1.913(4)
Nb1F2/O2 1.932(4) Nb1F2 1.989(4)
Nb1O3/F3 1.940(3) Nb1O1 2.235(2)
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62.7°; these planes are related by the glide plane of C.
Hydrogen bonding occurs through N−H+···F interactions,
linking the lattice 2,2′-dipyridylamine molecules to the infinite
[NbOF4]

− chain (Figure 4b and Table 3).
FTIR Spectroscopy. X-ray crystallography is unable to

definitively distinguish an oxide from a fluoride ligand owing to
their similar polarizability and ionic radii.39 To validate that the
oxide-fluoride BBUs in (I) and (II) consist of 0D BBUs of
[NbOF5]

2− and 1D BBUs of ordered [NbOF4]
−, respectively,

we employed FTIR spectroscopy to assign the niobium oxide-
fluoride of (I) as [NbOF5]

2− and (II) as [NbOF4]
−. The

infrared spectrum of (I) (Figure 5a) shows a characteristic band
for [NbOF5]

2− at νs(NbO) = 896 cm−1,37,40,41 and the
infrared spectrum of (II) (Figure 5b) show a strong broad
characteristic band for [NbOF4]

− at νs(Nb−O−Nb) = 799
cm−1,42,43 respectively. The strong νs(NbO) or νs(Nb−O−
Nb) peaks show that NbO bonds are present in both
structures. Characteristic absorptions at 3122, 1656, 1604,
1559, 1454, and 769 cm−1 are attributable to the 2,2′-
dipyridylamine ligand.44 The broad absorption around 3440
cm−1 for compound (I) is assigned to water molecules within
the lattice structure.

Thermal Analysis. To further verify the structures and
contents of (I) and (II), TGA was performed. The TGA curves
of (I) and (II) show a weight loss of (I) (80.4%) that mainly
corresponds to the loss of water and dpa molecules and a
weight loss of (II) (69.6%) that mainly corresponds to dpa
molecule, respectively (see the Supporting Information [SI],
Figure S1). The calculated losses of (I) (81.3%) and (II)
(69.5%) correspond to niobium monoxide (NbO). After
heating (I) and (II) to 900 °C, a white polycrystalline sample
remained. For both (I) and (II), the polycrystalline samples
were identified as Nb2O5 by powder X-ray diffraction (JCPDS
PDF No. 37-1468). We attribute the change from NbO to
Nb2O5 to oxidation of NbO in air.

Second Harmonic Generation (SHG) Properties.
Compounds (I) and (II) were examined with Kurtz−Perry
SHG measurements to investigate their NLO properties. (I)
and (II) both exhibit SHG efficiencies at an order of magnitude
higher than that of α-SiO2. The measurements indicate that (I)
has an SHG efficiency ∼40 times that of α-SiO2 and is not type
1 PM (non-PM) (Figure 6a). Compound (II) is type 1 PM
with an SHG efficiency of ∼30 times that of α-SiO2 (Figure
6b). The average NLO susceptibilities, dijk

2w, of (I) and (II) were
calculated by eq 2 for non-PM materials and eq 3 for PM
materials.32,45,46

=
⟨ ⟩I I

I

d I( )
(SiO )

( )

0.3048
ijk
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2

2w 2
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d

d
(II)
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3

2w 2

3
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In these formulas, I2w(σ) is the SHG intensity of (I) or (II),
I2w(SiO2) is the intensity of a standard of α-SiO2, and
⟨d(LiNbO3)ijk

2w⟩2 = 7.98 × 102 pm2/V2.47 The values of I2w(σ)
and I2w(SiO2) were measured at the same range of particle sizes
of each compound. Equation 2 is suitable for non-PM
compounds, and eq 3 is suitable for PM compounds. To
calculate dijk

2w of compound (II), I2w(LiNbO3) was substituted
by 600 × I2w(SiO2).

32,33 The average NLO susceptibilities dijk
2w

of (I) and (II) are approximately 3.5 pm/V and 6.3 pm/V,

Table 3. Hydrogen-Bonding Geometric Data (Å, deg) in
Compounds (I) and (II)

[Hdpa]2NbOF5·2H2O (I) HdpaNbOF4 (II)

D−H···A
H···A
(Å)

D−H···A
(deg) D−H···A

H···A
(Å)

D−H···A
(deg)

N4−H4N...F3/
O3

1.80 165.0 N1−
H1N···F4

1.97 158.3

N2−H2N···F1/
O1

2.53 129.3 N2−
H2N···F2

2.85 132.5

O2W−
H4W···F2/O2

2.00 161.8

O1W−
H2W···F2/O2

1.99 175.3

O1W−
H1W···F4/O4

2.10 158.5

N1−H1N···O2W 1.81 165.4
N5−H5N···O1W 2.55 125.4

Figure 3. Perspective view of the structure of compound (II), (a) along axis b; (b) view of chains.
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respectively. As such, (I) and (II) respectively are included in
the SHG categories C and B, as defined by Kurtz and Perry
(Figure 6).32

Impedance Properties. As mentioned, we were unable to
grow crystals of (I) with suitable size and quality for
piezoelectric measurements; however, Figure S2 in SI shows
that (II) exhibits piezoelectric resonant behavior (see SI).
Several resonant peaks are present within a narrow frequency
range, and several in-plane resonant modes are expected owing
to imperfect crystal morphology. The keff was calculated with eq
1, and the results are shown in Table 4. These values are similar
to those of the AT-cut of quartz crystals with k26 = 0.08848 and
CuVOF4(H2O)7 with keff = 0.093 previously reported by our
group.49 It is important to note that a high keff is desirable for
commercial applications involving handling of mechanical
power; however, given the inherent low mechanical properties
of these crystals, their use in electronic piezoelectric
applications such as signal filters may be more appropriate.

■ DISCUSSION
Formation of Anion [NbOF5]

2− or [NbOF4]
−. In

structures (I) and (II), [NbOF5]
2− or [NbOF4]

− anions are
synthesized by use of different dpa:Nb ratios. Compound (I) is
synthesized with a mole ratio of dpa:Nb greater than 2:1;
compound (II) is synthesized with a dpa:Nb mole ratio less

Figure 4. Hydrogen bonds to the oxide-fluoride ions of niobium
complexes (a) in compound (I); (b) in compound (II).

Figure 5. FTIR spectra of (a) compound (I) and (b) compound (II).

Figure 6. Phase matching curve and SHG intensities as a function of
particle size. (a) Compound (I); (b) compound (II).
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than 2:1. This results in (I) having a dpa:Nb mole ratio of 2:1
and (II) having a dpa:Nb mole ratio of 1:1. The composition
space diagram (see Figure 1) illustrates this trend:
[Hdpa]2NbOF5·2H2O (I) is synthesized only in region A. In
region B where the dpa:Nb mol ratio is less than 2:1,
HdpaNbOF4 (II) dominates because there are insufficient
[Hdpa]+ cations to crystallize the 2:1 mol ratio of dpa:Nb in
the structure of [Hdpa]2NbOF5·2H2O (I). White polycrystal-
line samples were obtained with crystals at low HF
concentration (mole ratio about HF:Nb ≤ 9:1) in regions C
and D. In region C, NbO2F was formed with crystals of
HdpaNbOF4 (II). In region D, unreacted Nb2O5 was observed
with crystals of [Hdpa]2NbOF5·2H2O (I). We note that
crystals were easily grown in high yield even at low
concentrations of the ETM (mole ratio HF:Nb = 176:1), and
crystal quality became better with increasing Nb2O5 ratio in the
reactants. This contrasts with composition space diagrams
reported by Halasyamani et al.24,40 and Norquist et al.50 in
which distinct regions exist without crystal formation at low
ETM concentration.
In previous papers,51−53 NMR has been used to identify the

niobium anion species in solution as a function of the F:Nb
mole ratio and/or fluoride concentration owing to anion
exchange in solution. Ilyin et al.51,54 reported that trans-
[NbOF4·H2O]

− exists in solutions containing mole ratios of
F:Nb ≤ 5. After basic hydrolysis by increasing alkalinity, the
anion, [NbOF5]

2−, forms. Kasamatsu et al.52 and Monroy-
Guzman et al.53 reported that [NbOF4]

− is present at fluoride
concentrations of 2.0 × 10−4 and 3.0 × 10−3 M, [NbOF5]

2− is
the dominant species at [F−] = 8.9 × 10−3−1.9 × 10−2 M, and
[NbF6]

− and [NbF7]
2− are formed when [F−] > 11 M.

Throughout these concentrations, [NbOF5]
2− is present in

varying quantities.52

In this study under hydrothermal conditions, the mole ratio
of dpa:Nb appears to be the controlling factor in the crystal
growth of [Hdpa]2NbOF5·2H2O (I) versus HdpaNbOF4 (II).
The niobium oxide-fluoride anion [NbOF4]

− of (II) forms in a
solution with a mole ratio of dpa:Nb < 2:1. The anion of (I),
[NbOF5]

2− forms in a solution with a dpa:Nb molar ratio of
2:1. High dpa concentrations in solutions can provide a large
[Hdpa]+ cation concentration with the disassociation of HF to
favor the formation of the [NbOF5]

2− anion with increasing
alkalinity with a high fluoride concentration.
Structure and Hydrogen Bonding. Both compounds (I)

and (II) consist of niobium oxide-fluoride anions and 2,2′-
dipyridylamine cations where the fluoride anion hydrogen
bonds to the acidic hydrogen of a dpa ligand (see Figure 2). We
note that positioning of hydrogen atoms is difficult with X-ray
diffraction and were placed in calculated positions. These
positions do not take into account the bond length alterations
caused upon hydrogen bonding55 (corrections for hydrogen-
bond geometry with fluoride ions has not been established).
For the purposes of the structural discussion we included a
tentative discussion of hydrogen-bond geometry based upon

our best available option: calculated hydrogen atom positions.
In [Hdpa]2NbOF5·2H2O (I), a 0D BBU of [NbOF5]

2− is
isolated in a hydrogen-bond network created by the two
[Hdpa]+ cations and two water molecules. In this niobium
octahedron, niobium−ligand bond distances range from
1.907(3) Å to 1.940(3) Å (Table 2). The NbO bond in
(I) has been confirmed by IR spectrum at νs(NbO) = 896
cm−1 (see Figure 5a). It was not possible to distinguish the
oxide anions from the fluoride anions via X-ray diffraction. The
similar bond distances indicate that the O2−/F− anions may be
disordered among the six frequent positions. This has been
previously observed in the disordered structure of
[C9H8NO]2[NbOF5]·2H2O in which niobium ion O2−/F−

distances were found to range from 1.909(5) Å to 1.943(4)
Å.56 However, owing to no observation of strong hydrogen-
bonding interactions to F5 and F6, disorder over four
orientations is more likely in the structure of (I). F5 and F6
are fully ordered fluorides, and the remaining ions are
disordered oxide-fluorides sites. Hydrogen bonding among
[Hdpa]+ cations, [NbOF5]

2− anions, and water molecules can
affect the Nb−F bond distances.57 The Nb−F3/O3 bond with
the length of 1.940(3) Å is longer than the Nb−F5/O5, F6/O6
owing to a strong hydrogen bond (H4N

+···F3/O3= 1.80 Å) with
the amine on [Hdpa]+ cations (Figure 4a and Table 3). The
Nb−F2/O2 bond with the length of 1.933(4) Å and the Nb−
F4/O4 bond with the length of 1.929(3) Å, also longer than the
Nb−F5/O5, F6/O6, form hydrogen bonds with water molecules
through O1W−H2W

+···F2/O2 (H2W
+···F2 = 1.99 Å), O2W-

H4W
+···F2/O2 (H4W

+···F2 = 2.00 Å) and O1W-H1W
+···F4/O4

(H1W
+···F4 = 2.10 Å) interactions, respectively. Hydrogen

bonding also occurs through N1−H1N
+···O2W (H1N

+···O2W =
1.81 Å) and N5−H5N

+···O1W (H5N
+···O1W = 2.55 Å)

interactions, linking water molecules to dpa ligand. Strong
hydrogen bonds through N−H+···F(H+···F = 1.80 Å) and N−
H···O (H+···O = 1.83 Å) also occurs in the similar ordered
structure of [H2N(C2H4)2NH2][NbOF5].

58 A similar structure
with isolated [NbOF5]

2− has been reported by Buslaev et al.59

in N2H6NbOF5·H2O in which the [N2H6]
2+ cation is replaced

by [Hdpa]2
2+ and water molecules in [Hdpa]2NbOF5·2H2O (I)

in this study.
In HdpaNbOF4(II), infinite [NbOF4]

− chains are formed by
sharing O vertices in the distorted [NbO2/2F4]

− octahedra,
where these intraoctahedra distortions align down the chain in
a polar fashion. Neighboring chains face opposing directions
which cancels their dipole moments. (Figure 3). Each niobium
cation is in a distorted octahedral coordination geometry with
two trans-O anions (NbO at 1.748(3) Å and Nb−O at
2.235(2) Å) and four equatorial F atoms within an Nb−F range
of 1.854(4)−1.989(4) Å (Table 2). The niobium cation is
shifted 0.244 Å from the equatorial plane toward the oxide ion.
The shortest Nb−O bond with distance 1.748(3) Å in (II) is
too short for a single bond and indicates a weak triple bond
should be present, which causes a distortion of the Nb5+ cation
in an octahedral environment owing to the second-order Jahn−
Teller effect.35,36 Compared to the corresponding bond in
isolated ions like [NbOF5]

2−, sharing of an oxide ion by two
central niobium atoms in the structure with chains ([NbOF4]

−)
weakens the binary NbO bond. This decreases the frequency
of Nb−O vibrations in IR spectra in the case of isolated oxide-
fluoride complex ions.43 The IR vibration of bridging the Nb−
O−Nb bond in compound (II) is at νs(Nb−O−Nb) = 799
cm−1 (see Figure 5b). The frequency decreases as compared
with vs(NbO) = 896 cm−1 in (I).42,43,60 The Nb−F2 bonds

Table 4. Representative Piezoelectric Resonant and
Antiresonant Frequencies for Compound (II) and the
Corresponding Calculated Effective Electromechanical
Coupling Coefficient

frequency range (kHz) f n (kHz) fm (Hz) keff
2 ( × 10−3) keff

407−415 413.0 411.5 6.978 0.084
975−990 985.3 983.3 4.095 0.064
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with the length of 1.989(4) Å, longer than the Nb−F1, F3, form
hydrogen bonds with [Hdpa]+ cation through N2−H2N

+···F2
interaction. The niobium oxide-fluoride anions [NbOF4]

− are
also linked via the [Hdpa]+ cations through another N1−
H1N

+···F4 hydrogen bonding (Figure 4b and Table 3). A
structure similar to that of HdpaNbOF4 with infinite
[NbOF4]

−chains has been reported by Pakhomov et al.61 in
NH4NbOF4. Electrostatic interactions exist between the
protonated [Hdpa]+ cations and [NbOF5]

2− anions in (I),
[NbOF4]

−anions in (II), respectively. These hydrogen-bonding
and electrostatic interactions stabilize the crystal structures of
compounds (I) and (II).
It is interesting to note that the structure of (II),

HdpaNbOF4, exists in the monoclinic crystal system with a/b
= 5.1, c/b = 4.0, and Z = 4. Many structures with infinite
[NbOF4]

−chains crystallize in the monoclinic or orthorhombic
crystal systems with a/b and c/b ≥ 4 (chain along b axis) and Z
= 4. For example, a/b = 4.2, c/b = 5.1, and Z = 4 for
[Hphen][NbOF4]·H2O;

62 b/c = 5.6, a/c = 4.3, and Z = 4 for
Cu(bpy) NbOF4·2H2O;

38 b/a = 4.4, c/a = 5.8, and Z = 4 for
Ag(bpy)NbOF4·2H2O

38 (phen =1,10-phenanthroline). Infinite
[NbOF4]

− chains within a hydrogen-bond network created
directly with organic cations have been reported in the
centrosymmetric (CS) structures of NH4NbOF4

61 and
[Hphen][NbOF4]·H2O

62 and in the NCS structure of (II)
HdpaNbOF4 in this study. The [NbOF5]

2− anion exists in the
CS structures of N2H6NbOF5·H2O,59 [C9H8NO]2-
[ N b O F 5 ] · 2 H 2 O , 5 6 ( C 5 H 1 2 N O 2 ) 2 N b O F 5 ,

6 3

(C3H8NO2)2[NbOF5]·2H2O,64 (C2H6NO2)2[NbOF5],
64

[H2N(CH4)2NH2][NbOF5],
58 and the NCS structure of

[Hdpa]2NbOF5·2H2O (I) in this study. Centrosymmetric
structures of other metals with dpa molecules exist in
[H2dpa]2[V2O2F8],

44 HdpaPF6·H2O,
65 [Hdpa]2MnCl4,

66 and
other dpa derivatives.67−69 These CS structures are a result of
antiparallel or other centric-type stacking of dpa molecules. To
the best of our knowledge, no NCS structure has been
previously formed by direct combination of acentric dpa
molecules with other species.
Nonlinear Optics Property and Type I Phase

Matchability. In both compounds, the niobium oxide-fluoride
BBUs exist in centric environments. In (I) the [NbOF5]

2−

exists as a centric, disordered anion; in (II) the 1D BBUs of
[NbO2/2F4]

− are aligned antiparallel with respect to each other.
The remaining components of the structure, polar [Hdpa]+

cations, are responsible for the acentric space groups and
resulting NLO responses. Polar Λ-shaped BBUs have been
previously used to generate acentric and PM materials.19,49 In
(I) and (II), the amine-bridged [Hdpa]+ cations form Λ-
shaped BBUs. In (I), all dpa ligands are planar and aligned
along one direction (see Figure 2), and in (II) the polar
components of the dpa ligands are aligned in the ac plane. The
polar amines of (II) are along two directions with an angle of
17.5° in two planes with an angle of 62.7° (see Figure 3). The
SHG responses of the polar lambda(Λ)-shaped dpa molecules
in (I) and (II) originate from donor (−NH−)/acceptor
(−CN−) intramolecular interactions via π-conjugated system
in acentric space group P1 or Cc. The amine donor shows a
dipole moment change with the acceptor. On a molecular scale,
the extent of charge transfer across the NLO chromophore
determines the level of SHG output; the larger SHG output
results from the greater charge transfer. In most of delocalized
aromatic π electron systems, the charge transfer (CT)
contribution to the second-order NLO hyperpolarizability (β)

is unidimensional. In these polar Λ-shaped dpa molecules, two
independent donor−acceptor moieties are linked in such a way
that the charge transfer from donor group to both acceptor
groups has a two-dimensional character. This can avoid charge
compensation and enhance the value of β. The dpa molecules
are arranged as parallel arrays in both structures of (I) and (II)
(Figure 2 and Figure 3, respectively) with dpa π stacking; the
aromatic molecules are separated by distances planes of
3.5960(2) Å for (I) and 3.9804(1) Å for (II). The extent of
charge transfer and intermolecular interactions arrive from the
delocalized π electrons that can generate large SHG response.
Although (I) and (II) are both SHG active (Figure 6), (I) is

non-PM and (II) is PM. Crystallization within an NCS space
group is not sufficient for a material to display useful NLO
properties. A crystal which exhibits phase matching requires a
large birefringence and low dispersion. The phase matching
angle about the optic axis of the crystal can be calculated or
measured experimentally.12,13 It is extremely sensitive to the
refractive index of the material. Refractive indices of crystals are
related to the charge transfer (CT) and polarizability tensor of
the structure.70−72 Thus, the phase matchability of an NCS
material is intrinsic to its crystal structure. The relationships
between microscopic and macroscopic optical nonlinearities of
molecular crystals and the optimal orientation of molecules
within crystals for bulk phase matching were reported by Zyss
and Oudar.17 For NCS structures, the optimal phase matching
and maximum of nonlinear coefficients are achieved when
molecules align in a particular orientation (when the angle θ
between the molecule charge transfer axis and the crystal optic
axis has an optimal value, dependent on its particular Laue
group). For Laue group 1, the optimal angle θ is 35.3°; for Laue
groups m and 2, the optimal angle θ is 54.7°.17−19,73 For Laue
group m, the optimal orientation of molecules for phase
matchability is achieved when the angle between the two
equivalent molecular planes is 180° − 2θ = 70.6°.17 For
example, phase matchable 2-(N-prolinol)-5-nitropyridine
(PNP) with angle θ of 59.6° and N,N′-bis-(p-nitrophenyl)-
methanediamine (p-NMDA) with angle θ of 60.0° have been
reported.18,19 Previous reports on phase matchability have
discussed individual molecular orientations within PM
structures without comparison with a related non-PM phase.
In the structure of (II), the angle between the two equivalent
molecular planes is 62.7°, and the angle θ is 58.6°, which is
close to the optimal value of 54.7°. Thus, (II) exhibits phase
matching in the SHG measurement as shown in Figure 6b. For
the structure of (I) in P1 space group, there is no symmetry
constraint acting on the orientation of the principal dielectric
axis. The angle θ was determined to be about 50.1°, which
significantly deviates from the optimal value 35.3°. Thus, as
shown in Figure 6a, (I) is non-PM. Comparison of the
molecular geometry of non-PM (I) and PM (II), structures
with chemically similar dpa cations and niobium oxide-fluoride
anions, demonstrates that the arrangement of the dpa
molecules controls whether the hybrid material is PM or
non-PM. That is, specific molecular arrangements can optimize
phase matchability and nonlinear coefficients.17

■ CONCLUSION
Two new inorganic/organic hybrid NCS structures have been
synthesized in NbO2.5/dpa/HF composition space diagram
with combination of direct reactants of an acentric dpa
molecule and an acentric d0 transition metal oxide Nb2O5 to
investigate phase matchability of NCS structures. The mole

Journal of the American Chemical Society Article

dx.doi.org/10.1021/ja4050604 | J. Am. Chem. Soc. 2013, 135, 11942−1195011948



ratio of dpa:Nb plays a vital role to control the formation of
niobium oxide-fluoride species. When the dpa:Nb mole ratio
was greater than 2:1, [the NbOF5]

2− anions form in the
structure of the non-PM phase (I) [Hdpa]2NbOF5·2H2O,
while for a dpa:Nb mole ratio <2:1, infinite chains of [NbOF4]

−

anions form in the structure of the PM phase (II) HdpaNbOF4.
Specific arrangements of the organic molecules within the NCS
hybrid materials were shown to optimize phase matchability
and nonlinear coefficients as confirmed by our analysis and
SHG measurements. Future work will investigate these effects
in other hybrid and inorganic systems.
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