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Size and Quality Enhancement of 2D Metal-Organic
Chalcogenolates by Amine Addition
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LNDDE Y B RWILHEME /R L, BHMEDE ., EME L LTX ) Bt /R L7z,
Feaid, oo A H = XA LFHEBE L. 7 3 Y SKIEEOPIHNC X 55RO & 151k
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DI 5, B 5 AL T2 V728 HMOC, AgSePhMeD AT HETH 0 . ATHED
N OMOCE BRI EH W RE BN/ T TH L I L ERTIENTE,

Two-dimensional (2D) organic-inorganic hybrid materials have attracted great attention
for their potential in optoelectronic applications. However, crystal size and/or defects often
limit the performance. In this study, we present a new synthetic method to improve the size
and optical properties of AgSePh, a blue luminescent 2D material classified as Metal-Organic
Chalcogenolates (MOCs). The average lateral size of AgSePh microcrystals was increased
from <5 um to 1 mm by introducing amines in the reaction conditions. The obtained crystals
have a longer photoluminescence lifetime with higher color purity by suppressing mid-gap
emission. We investigated the reaction mechanism by 7/Se-NMR spectroscopy. We found that
amines play two roles as (i) a coordination ligand to promote the growth of large crystals by
reducing the reactivity of Ag* ions and (ii) a reactant to form a key reactive intermediate.
Finally, by demonstrating the growth of single crystals of AgSePhMe, a new member of the
2D MOC family, we show that the amine-assisted crystal growth method is generally
applicable to other 2D MOCs.
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1. #8

AR N A 7)) v BHEHE. 0 Fakah. Rl
W2 &) IR B AL AR R I T & 5 720,
Tl % DHBENDISHDET STV 5, FRIZ, BT
. 2RIEHRHC B TN 2R b 728 8h, e o
MHEAER DS S, FAE e LTiRgsIcmsE s i
Twa W, ZhFTIZ, "oy vfespRa7 20 4
PO REREEANTF YO REDRNSE S
NTED, HEE, ARV ITr EE/A T 9D
7 AEAE ¥ (Metal-Organic Chalcogenolate,
MOC) IZBWTH IO EHE S, EHA
HEoTwna W,

PR EDIESRE EFF— VRt ) — V7
EOEEAN AT I, EEE IV ar y oERE
Wz, SR-SEMEERICE Y, 2w R R
GTERIBRT S O, &ML ARILEDOMAED
I L BHEOHIEAHETH D, 7=kl 1L
i (CuSePh, LkJjiHEdE) ©, 7=t L LK
(AgSePh, 20JC i) 7. REFMHA TV F 4
L— b4 (AuSPhCOOMe, 2&KycFiiifk) © 7 &
PHEEN TS (Fig. 1)

CuSePh
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Figure 1. Crystal structures of CuSePh, AgSePh, AuSPh
COOMe, Cu, Ag, Au, Se, S, C, and H atoms are
depicted by blue, gray, orange, green, yellow,
brown, and cream spheres, respectively.

20184F, Hohman®IiZ & 1, AgSePhiF % it%s
RY DG &N W, AgSePhid, #tL v
PHREED F T2 XYY VERSRAZEAFLA nm
D2 HifEEZ LTB Y (Fig. 1), T D2KICHE
EHRD, #1400 meVDEW R T-HGE T ROV F—
WX B2ETHUADRREIC LD, PEEISEL, B
fREDFEE A U Bo 1IN HIRIL, FD TN R
FtEERL 9, BobENREREET 58 R
PR OFENAFMER & L TRWIER 221 T b,
HWANVa sy - SRALEWIE, RIS\ A v
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DA BEBREIE— DN AT VEEEDHRL IR S
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Hiin 2 RERESEL L IWEETH -7z O,
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I %180 C CLREMIM# T 5 2 & TAgSePha®
BONLIEZHH LW, Bohizkhiik~
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Fald, GHRICT I V2RI A E T, AgSePh
HEORESSEWENMETEZ 2 /AL, 73
URE, EEIREL, B PORSMEE RE T A 2k
Ty IV A= DPMUH A AORKHENGLZ LI L
720 COBRWEMTIRONIR ML, ERTETHERL
72AgSePh & Ik L CRWISEEH @y L LT A L ¥ —H
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RIS ("Se-NMR) 12X D, HIBRFTOT
I UOE R L 720 AT AgSePho A7 &
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2. X8R

2.1. &8

2.1.1. 2tBRTDAgSePhDERK

73 VRV AgSePhoAKIEF— b2 L—T %
HAWTITo 720 3 mMOAEEESER (MK, 28-30
wt%7 Y EZT K, 40 wtW%AFINT I VKB T 72
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mM®PhySes (VI YiE#) 3 mLZPTFE&E D K
IBARICH AL, A— M7 L—71, 180 C CTLHR
IEEAT - 7218, SRTHEG Lz. SN 7zkiiidht
KE2-708 ) — VTSR, BRI ATREZ L7,

2.1.2. ¥B—FRTDOAgSePhDEFK

WHEBMoO 7o N7 I VER 3 mM) 10 mL&
PhoSes® MV v (3 mM) 10 mLEEAL, %
T35 HEE L. Mz AR S0, 155Nz
W, MK E2-T TR — )V THETR, BES A T,
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TIV RUVFAVTIV, AFVYLTIVRANTY
[FRRIC H P ofG fh st S 7z,
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NMR % M L 7zo
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D37 T A A, BRFMRT205 MEHEL 72
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ML (34 g 20 mmol) Z—FEITMA. 1055 [
L7z PUSEOIRE FAZERL/2E 58D 04-7
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075 U (50 mL) 22052 T T Lz T
. U Z50 CCIRFRIMBEEE L, s L7ze #e
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sUaa Ry v/ n-~"Fh U EHCTHEGRE TG
WEI6 gx 147z (INHFE56%), 'H NMR (CDCls, 400
MHz) 6 750 (d, 4H, J = 81 Hz), 708 (d, 4H, J =
79 Hz), 2.35 (s, 6H).
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AgSePhd HifkE, —20 CIZ@HEIL 72880
TOENLT I UiE (20 mM) 5 mL & PhsSes?® kv
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HEEMASEER I3 FEE A X7 DIVEIE & [il— D]
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N AT b Vids-tiEsE (Cary 5000) % Hw
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D, RIZI00%DEALA ) & A & e L L 7= MK 4T
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3. IAREER

3.1. 7IVOFML3REEFER L

Fald, 7 VKRB EKHARE LTHWEZ L
T MKZ AW 725E12ERT, KEWAgSePhO#E
mAESN L Z L2 R L7 (Fig. 2a). KIHDVAERE
AR Z V7235121305 5 1L b AgSePhofE i D f
BFH2 umTH o7z L, 7Ty E=TRKEHW
52 TRI20 umiZ B L7z, 512, AF VT IV
KB TFIVT I VKRBEREEREE L2123
ZNENH30 um. >200 pmOFFEFHAES 17z (Fig.
2a),

7 IV EHWTHER L TRRMDIEEA RS PV
. MRS bOEF—TH-7 (Fig. 3a) =
DB, WTNOABSEMFIZB T D [F— Ok ik
DAgSePhMfEb iz Ez 65,

TVENVHEEMNUEDOT I VEHVDLZET, B
—BRERE D, B TOAgSePhMeA A fE &
o7 (Fig 2b)o 7V F IVEE3~6DHIPHD KT D
R WFRoO 7 I U EHWTH AgSePhsg ki s h
7ol ERIER L7z, NG EREILT A2 LT, &
AHT mmBOREEDPE LN, T—THEEEICL D H
KM 2G5 Z e AT E

(+ Amine)

180 °C, 1hr
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Figure 2. (a) Schematic illustration of a reaction mixture for
a hydrothermal reaction (left) and bright-field
optical micrographs (right) showing an increase
in lateral size upon amine addition. (b) Schematic
illustration of a reaction mixture for a single-phase
reaction (left), image of the resulting reaction
product (middle), and a polarized optical micro
graph of an isolated crystal (right). Copyright
2021 American Chemical Society



FENTF M E 2 AT WFEIFE 2 51l L 720 #UKOA
bOIZT vy EZTREHWS Z & THRIEFHAIZI3 ps
225193 psiZlal L7z (Fig. 8c,d)o AF 7T 3 ‘/7](
W E ZF VT X VKB E - 7236 03t ar
136 ps&73 psTH Y. 7V E=ZTKEHVI2HE L
HARTHL oo FENHRFMDOETRE KO 7 DE
WERIHE L, SRRSO SRR A% <
b r# R, FRTAgSePhoM HZE) %2 %t L 72,
IFIVT I VKRB FK. AFVT I VKB T
VEZTIKDONATHREATIARER S L, gLk
WCHAFEFORIEFUIETH 5720 AF VT I VK
W = FIVT I VKRB E VR TIE, 7ToES
TAKIZHA, HHE & oA T R L, RS T2
WL, REBDOZ ISR L, FadHl kol &
EZT0h, T VR EZTEORE, 7Ivd L
RISV LED, Ke&TowrIvaEfwsZ e T
iR EREZIHITX 2 2 LW S E Y, SO
Y7 I rEHeTRLNM R T v E=TKEH
WA L7z & MRREOS R m 2~ L7z (Fig.
3d),

BT 27 IVEHVLZEDD 5 —D2D
Rl e LT, R TORKT RV F =50 Mll A5
5N b, MKz HWTHEKL72AgSePhid5 KT500-
700 nmiZB VT, 7 H— FRIEEHIEIN S z—H,
T V=T AREHCTEK L72AgSePhTld. ik T
HED Y ¥ — 7RI ADEM &7z (Fig 3b),
TIVEML, 2ofEREEHEL CHLN
AgSePhfifiid. ORI AV F—=FHoIHNIC X
D, BWISEEGERLEZEEZ BN, KT R LF
—HROFNIE, ADBRIAE U7z KGR R 3 Tl

MR 7 2IRH E#Z 2 H b,
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Figure 3. (a) Room-temperature photoluminescence (PL)
spectra of AgSePh crystals prepared using water
(H20), aqueous ammonia (NH3/H,0), aqueous
methylamine (MeNH,/H,0), aqueous ethylamine
(EtNH2/H50), and propylamine (PrNH5). (b)
Comparison between PL spectra at 5 K of AgSePh
crystals prepared in HoO and in NH3/H>O showing
the suppression of broad luminescent features at
>500 nm in the latter. (c) Time-resolved PL decays
of AgSePh crystals along with the decay due to
instrument response function (IRF). (d) Extracted
PL lifetimes. Copyright 2021 American Chemical
Society
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3.2. RIiS*XH=XLOEN

RGBT Z 7 I v OB % RAT 5720, 73
VIREE B X OSBRI AN S AR GRS 5 2 BB
FHIi L7z S 2T DA A = A LEHOD, ¥
—ROTOENT IV PV VEEE W, Y
DIEFEALS mMOBEI12IE, AgSePhookldb AL 12
WIK3H 2L Lz—)7, 10 mMOZEE V5 &
ZOﬁT!anBi?‘EEE‘I L7: (Fig. 4a), ®EEEI0 mM
S BIEFO 7 I 2 OEE %50 vol% 575 vol%iZ
ﬁ%?k%mimﬁﬁuﬁTL\%mimi?%ﬂﬁ
B TNHORERENS, REIBICBWTT I ¥
. KIS EIHS A 2 AR s, FHKE LTiE
L DI 12 2EZTWb,
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Figure 4. (a) Images of reaction mixtures showing the
dependence of crystal formation rate on the solu
tion concentration and the percentage by volume
of PrNH» in the combined PrNH,—toluene solu
tion. (b) 77Se—NMR spectra of the reaction mix
ture and its individual components. (c) Proposed
mechanism to form AgSePh from AgNO3, PhoSe,,
and PrNH,. Copyright 2021 American Chemical
Society
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(c)
Toluene
AgNO, + Ph,Se, + PrNH, —>

Pre

Q Se ®
‘Ag

BT, kL YL LRSS SHT (7Se-
NMR) (2& 0. X0 EEHNCEIE A B = X L FHT % 4T
5720 MV U ZBERE L TPhoSes MHEER, 7
TYLT I UERYEERAT A LA LAEL
720 IR DT7Se-NMRZHI%E L72& 2 A, PhsSes
(463.15 ppm) ZHNA. 72669 ppmlZHi7z7e s 7 F v
HEE S N7z (Fig. 4b, %8). —J7C. PhySes & fifiiE
R F 7213PheSes 7U Y LT I VA RE LIEEIC



. HORBSDAELT, F20 TSe-NMRIZBWTH
PhySex® ¥ 77 F VO ADEM S 7z (Fig. 4b, #.
8,

PAF U, TVFNT I VAETF, VAVT 4 K8
ANT T IRELZAZEMREINTHWLZ L
26 B0 ez ZOFMSUE L LT, PheSer& 71
V7 IS Lz LS RS-y 7Lz
IRLZZRIAERE LT ERLTWwE EEZ 2, 22
T, JzohvklLo)rzus4 RS aekvyIve
RBA LS OTSe-NMRZHIE T 5 & 729.62
ppmiC7 ==V 7ub it L+ I FlIREEZZ SR
3 7S N7z (Fig. 4b, F). DL Lo®ES
Xy, HAIIAELGEEREIZDOWT, PheSexk 70 Y
VT I VORISR AF UEEL, L 3 Pk
L. %okl /L= AT KR THIET
AgSePhZH L TWw5b L #2Twb (Fig. 4c)-

3.3. BiEmaRAV /iSRS

W, MR AR b2 G L7z, —20 C
WCHHILMB o 7a ¥ L7 3 Y (20 mM)
& PheSe:d VT VW (20 mM) ZEA L. ik
THEMEHE T A 2 & T B S X & AT (2 4
WHEZA R E S (&45200 um X200 um X20 um) D
WML ENTE

AgSePhMe

.
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e W
A /

o 4
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AgSePhMe
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300 350 400 450 500 550
Wavelength (nm)

0

440 460 480 500 520 540
Wavelength (nm)
(a) Images of AgSePh and AgSePhMe single cry
stals used for structural determination. (b) Crystal
structures of AgSePh and AgSePhMe. Ag, Se, C,
and H atoms are depicted by purple, orange,
black, and cream spheres, respectively. (c) Pho
toluminescence spectra of AgSePh and AgSe
PhMe. (d) Absorption spectra obtained by diffuse
reflectance spectroscopy of AgSePh and AgSe
PhMe, with an inset showing the zoomed-in view
to excitonic absorption peaks. Copyright 2021
American Chemical Society
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A SRS RS FRAT OF5 R, AgSePhl3 RN R 22
BIREP2,/c\Z)i)E S 5 HFIE A4 nmD#ESTH
5T NS L o7z (Fig. ba,b). T DZEMITEIX
INFTOHE D THHC2/cL BT IR TIED S
B AT WERESEOSM SRR 5 2 L )SH
ThbEERZ TV,

WENWT, 722 WEERL-XFIVT 2 ZOVIRICEIR L
72AgSePhMe% &R U720 BERE LTL2- ¥ A (4-2
FITr=)V) VL= FeHW, waifl L7z AgSePh
BRSR E R D ST AgSePhMe D Bk i % 15472
Hifd SRE G AT OFEH. AgSePhMed AgSePh & [il
—DZERREP2,/c\IRIE S, HEOEAIZH1.7 nm
T» -7z (Fig. ba,b)o AgSePhMeldAgSePh& [F L
Y— 7 W ROHFOICE R LA, ¥ — 7 OEiFE
#19 nm & AgSePhlZ bR TIED o 720 WA R b
VDY — 7 HEFidAgSePh7%29 nmiZ, AgSePhMe
13433 nmiZENEFNME L, DTHITT 7 FLTW
% Z LR S (Fig. 5d).

4. 158

Ll FR 4 DS L7727 3 YN X A A &
D, PERTFHICHA XD K&V AgSePhiE x4 %
ZENUREE R oTz, S 51T, L NRE. IR
TORT AN F=FAHH S, BWIStE R
FTIERS, M FE LTIV ENETHL LN
IRENTzZe RFFEICBITLT7 I Vid. () 4+ i
AL, sz 5, B () YyeL=F&
BOG Ly iR KT 5 & v ) 20088 2 H 5 T
WB I EAURENT, AT, EROGKE: L L
Ty PRGN LT v, X 0 U 2Tk
ThHhoHESZ b,

RFEPUE, WEOR, AT~ 2 fg 7 —
Wiy THETH Y. FHMOCTH HAgSePhMed &
A TREIC L7z AL D, FIHMOCHOED
WEASIAASY . X )RR EMLEW G SN DL 2 &
BRSNS,
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