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Experimental Details
3P Solid-state NMR Spectroscopy

Room temperature 3P NMR spectra were collected on a 9.4 T spectrometer
(Varian Infinity Plus) using a Varian Chemagnetics double resonance magic angle
spinning (MAS) probe. The sample volume in the 4 mm diameter zirconia rotors was
~50 uL and the MAS frequency was 14 KHz. Each sample was ground to a fine powder
before being packed in the rotor. The n/2 pulse width was 5.55 pus and was calibrated
using HsPO4. Spectra were processed using 50 Hz line broadening and up to a 10" order
polynomial baseline correction. Longitudinal relaxation times (7)) were determined as
described elsewhere.'

X-ray Photoelectron Spectroscopy

Single crystals of CssPsSe;, and Cs4PsSe;, were ground to powders and pressed to pellets.
X-ray photoelectron spectroscopy (XPS) analyses were performed on the pellets with
Omicron ESCA probe equipped with EA 125 energy analyzer. Photoemission was
stimulated by a monochromated Al Ko radiation (1486.6 eV). Binding energies were
normalized to the C 1s binding energy set at 285.0 eV. To analyze the XPS results, linear
background correction was applied and photolines were fit by Gaussian-Lorentzian
curves. The fitted curve was deconvoluted to reveal multiple valence states of phosphorus
and their 2p;, and 2p,3 spectra. The quantitative analysis of P in CssPsSe;; and CssP¢Se;
were carried out by XPS using the integrated areas of the core-level peaks of P 2p.

XPS analysis for both CssPsSej, and CssPsSe;, showed the presence of two different
oxidation states of phosphorus. Since the higher binding energy results from the higher
oxidation state of a corresponding element in principle, the spectra found in the higher
region can be assigned to P* and those in the lower region to P** for CssP5sSe;» and p*
for Cs4PsSei,. Area ratio of respective spectrrum from higher and lower oxidation states
was integrated to give 4.1 for CssPsSej, and 1.9 for Cs4PsSe;, which agrees well with
structural analysis model of Cs5[P*"(P*",Ses),] and Csa[(P*")2(P*"2Seq)2].

CsPsSe;> ' P Solid State NMR

The NMR spectrum of Cs4P¢Se); is displayed in Figure S1. The peak at 95.5 ppm
can be assigned to the P(3) atoms, and the peak at 65.5 ppm can be assigned to the P(1)
and P(2) atoms. The P(1) and P(2) chemical environments are very similar, and the bond
lengths and angles for each nearly agree within the error of the crystallographic
refinement. It is therefore possible that the chemical shifts corresponding to these atoms
overlap, thus accounting for the observed 1:2 ratio of the spectral peaks. The 95.5 ppm
and 65.5 ppm spectral features appear as doublets with coupling constants J = 250 and J =
270 Hz, respectively. One possible assignment of these splittings is two bond P-P J-
coupling. Two bond P-P scalar coupling in the solution phase have been observed with
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coupling constants of ~300 Hz.>® However, other compounds such as KBiP,S;** and
Rb4PsSe),* contained inequivalent *'P atoms separated by two bonds and two bond P-P
coupling was not observed.

Another possible assignment is that the 95.5 and 65.5 ppm peaks correspond to
the P(1) and P(2) atoms and the observed splitting is one-bond P(1)-P(2) J coupling. In
this assignment, the P(3) signal was not detected. It is noted that the 95.5 and 65.5 ppm
peaks were the only significant isotropic peaks observed under the conditions of a 5000 s
delay between acquisitions and a 1200 ppm spectral window. One weakness in this
assignment is that the 95.5/65.5 ppm intensity ratio is <lI.

200 160 120 80 40 0 -40
Chemical Shift, ppm

Figure S1. *'P NMR Spectrum of Cs4PsSer, at a 14 KHz MAS frequency. The peak
centered at 95.5 ppm was a doublet and had splittings with J = 250 Hz and the peak
centered at 65.5 ppm was also a doublet and had splittings with J = 270 Hz. The peaks
had approximately a 1:2 intensity ratio. The peak centered at 95.5 ppm had a
longitudinal relaxation time of 2600 s, and the peak centered at 65.5 ppm had a
longitudinal relaxation time of 1900 s. The weaker signals (*) above 120 ppm and below
40 ppm are the spinning sidebands of the 65.5 and 95.5 ppm isotropic peaks.
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Figure S2. The two doublets centered at 95.5 and 65.5 ppm from Figure SI. are
represented.

CssPsSe;, > P Solid State NMR

The *'P NMR of CssPsSey, is displayed in Figure S2. The difference in bond
lengths and angles between the P(1) and P(2) coordination environments is significantly
outside of the range of the error in the crystallographic refinement, and therefore distinct
chemical shifts resulting from each of these sites are predicted. Including the signal from
the P(3) atom, there should therefore be three peaks in the NMR spectrum. One possible
assignment is that the two doublets centered at 63.1 ppm and 48.7 ppm can be attributed
to the P(1) and P(2) nuclei and the singlet at 16.1 ppm can be attributed to the P(3)
nucleus. There are twice as many P(1) and P(2) atoms per formula unit than P(3) atoms,
so the spectral intensity of the peaks corresponding to P(1) and P(2) should be twice that
of P(3). The spectral intensity of the 63.1 ppm and 48.7 ppm peaks is ~3.5 and ~2.5-fold
greater than the 16.1 ppm peak, respectively. The peak at 94.9 ppm is likely due to
Cs4PsSei, impurity in the sample and this impurity would also result in a 65.5 ppm peak
which would be unresolved from the 63.1 ppm peak of CssPsSej;. The CssPsSern
impurity could therefore account for some of the discrepancy between the observed and
predicted intensities of this assignment. The splitting of the 63.1 and 48.7 ppm peaks is
attributed to one-bond P-P coupling between the crystallographically inequivalent P(1)
and P(2) atoms. The two bond P(1)-P(3) or P(2)-P(3) scalar coupling was not observed.

Previously, P*" in selenophosphate anions with P-P bonds were observed to have
positive *'P chemical shifts, and P°* in selenophosphate anions without P-P bonds were
observed to have negative *'P chemical shifts.” The chemical shift of the non P-P bonded
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P’ atom in this compound, namely P(3), was assigned to a spectral feature with a
positive chemical shift.

The longitudinal relaxation times were ~600(100), 70(10), and 10(3) s for the
63.1, 48.7, and 16.1 ppm features, respectively. The latter two values are somewhat
shorter than those of typical selenophosphates.’ Phosphorus-containing compounds with
multiple crystallographically unique >'P sites typically do not have such a wide range of
longitudinal relaxation times for the *'P sites.

200 150 100 50 0 -50  -100
Chemical Shift, ppm

Figure S3. *'P NMR Spectrum of CssPsSey, at a 14 KHz MAS frequency. The peak
centered at 63.1 ppm was a doublet with a splitting of J = 200 Hz, the peak centered at
48.7 ppm was a doublet with a splitting of J = 200 Hz and the peak at 16.1 ppm was a
singlet. The peaks had approximately a 7:5:2 intensity ratio. # denotes impurity, possibly
CS4P 68612.
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Figure S4. The two doublets centered at 63.1 and 48.1 ppm from Figure S1. are
represented.
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Figure S5. X-ray photoelectron spectrum, peak fitting, and deconvolution profiles in the
P 2p region of Cs4PsSe;.
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Figure S6. (a) Differential thermal analysis diagrams of CssPsSe;, showing melting in
the 1st cycle with no crystallization on cooling (upper black line). Glass crystallization is
observed in the 2nd heating cycle. CssPsSe), is a pristine crystal at A, glass at B and
restored crystal at C. (b) X-ray powder diffraction patterns of pristine (A), glassy (B) and
recrystallized crystal(C). (¢) The Raman and (d) the electronic absorption spectra of
crystalline (black line) and glassy (red line) CssPsSe;s.
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Figure S7. (a) The Raman and (b) the electronic absorption spectra of crystalline (black
line) and glassy (red line) CssPsSe,.
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Figure S8. (a) SHG intensity of CssPsSej, at 712 nm versus particle size and (b) relative
SHG intensities of AgGaSe2 (triangle) and crystalline (filled circle) and glassy (square)
CS5P58612.
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S9. Selected bond distances (A) for CssPsSejy: P(1)-Se(1), 2.213(2); P(1)-Se(2), 2.156(2);
P(1)-Se(3), 2.156(2); P(2)-Se(4), 2.162(2); P(2)-Se(5), 2.280(2); P(2)-Se(6), 2.121(2);
P(3)-Se(5), 2.349(2); P(1)-P(2), 2.257(2). Selected bond angles (deg) for CssPsSei:
Se(1)-P(1)-Se(2), 112.41(9); Se(1)-P(1)-Se(3), 113.35(9); Se(2)-P(1)-Se(3), 115.14(8);
Se(1)-P(3)-Se(5), 89.97; Se(5)-P(3)-Se(5’), 100.67; Se(1)-P(3)-Se(1°), 178.02(13); P(1)-
P(2)-Se(4), 108.22(9); P(1)-P(2)-Se(5), 99.70; P(1)-P(2)-Se(6), 112.80(9).

Selected bond distances (A) Cs4PeSeis: P(1)-Se(1), 2.303(2); P(1)-Se(2), 2.137(2); P(1)-
Se(3), 2.140(2); P(2)-Se(4), 2.128(2); P(2)-Se(5), 2.127(2); P(2)-Se(6), 2.281(2); P(3)-
P(3’), 2.232(2). Selected bond angles (deg) for Cs4PsSejz: Se(1)-P(1)-Se(2), 111.26(9);
Se(1)-P(1)-Se(3), 107.74(9); Se(2)-P(1)-Se(3), 116.42 (8); P(2)-P(1)-Se(1), 100.29(9);
P(2)-P(1)-Se(2), 111.44(8); P(2)-P(1)-Se(3), 108.43(9).

References:

1. Canlas, C. G.; Muthukumaran, R. B.; Kanatzidis, M. G.; Weliky, D. P., Solid State Nucl. Magn. Reson.
2003, 24, 110-122.

2. Gave, M.; Malliakas, C. D.; Weliky, D. P.; Kanatzidis, M. G., Inorg. Chem. 2007, 46, 3632-3644.

3. McCarthy, T.; Kanatzidis, M. G., J. Alloys Compd. 1996, 236, 70-85.

4. Chung, I.; Karst, A. L.; Weliky, D. P.; Kanatzidis, M. G., Inorg. Chem. 2006, 45, 2785-2787.

5. Pregosin, P. S.; Kunz, R. W., p31 sP and p13 sC NMR of transition metal phosphine complexes.
Springer-Verlag: Berlin ; New York, 1979; p 156 p.

6. Perera, S. D.; Shaw, B. L., J. Chem. Soc. Chem. Commun. 1995, 865-866.

7. Canlas, C. G.; Kanatzidis, M. G.; Weliky, D. P., Inorg. Chem. 2003, 42, 3399-3405.

S11




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles false
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends false
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize false
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage false
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile (Color Management Off)
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth 8
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /FlateEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth 8
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /FlateEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /FlateEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents suitable for reliable viewing and printing of business documents.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
    /ENG ()
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [595.276 779.528]
>> setpagedevice


