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EXPERIMENTAL SECTION

General  considerations.  The ligand  1,4,7-triazacyclononane-1,4,7-
triyl-tris(methylenephosphonic acid) (notpHg) was prepared according to literature
methods.! All the other starting materials were of reagent grade quality and were
obtained from commercial sources without further purification. The synthesis of
compounds 1-2 refers to the previously reported methods. ? Elemental analysis for C,
H and N were carried out on a PE 240C analyzer. IR spectra were recorded with a
TENSOR 27 Fourier transform infrared spectrophotometer. Thermal analyses were
performed in nitrogen on a METTLER TOLEDO TGA instrument. Powder X-ray
diffraction (PXRD) data were collected in a Bruker D8 advance diffractometer. The
magnetic susceptibility data were obtained on polycrystalline or powder samples
using a Quantum Design SQUID VSM system. The data were corrected for
diamagnetic contributions of both the sample holder and the compound obtained from
Pascal’s constants. * The photoluminescence spectra in the near-IR spectral ranges was
recorded on a Bruker RFS100/S FT spectrometer (Nd:YAG laser excitation, 1064
nm).

Preparation of [Er(notpH,4)(H20)]ClO4-3H,0 (1). Er(OAc);-6H,0 (0.05 mmol,
0.024 g) was added to a solution of notpHg (0.05 mmol, 0.020 g) in water (10 mL).
HCIO, (70%) was dropped into the mixture until pH = 1.0. The clear solution was left
at room temperature for 2 weeks to afford colorless prismatic crystals in a yield of
35%. IR (KBr, cm™): 3442-2877 (br), 1633 (m), 1497(w) 1471(w), 1439 (w), 1155 (s),
1084 (s), 932 (m) , 769 (m), 742 (w), 623(m), 569(m); elemental analysis calcd (%)
for CoH24N3P3014CIEr-3H,0: C 14.45, H 4.04, N 5.62; found: C 13.83, H 3.60, N
5.40. Thermal analysis shows that in the 25-100 °C temperature range complex 1
loses 3.68 molecular water, in agreement with one coordinated water and three crystal
water in single crystal structure..

Preparation of [Y(notpH4)(H,0)]ClO4-3H,O (2). The preparation of this
compound follows the same procedure as for 1 except that Y(OAc)s3-6H,O (0.05
mmol, 0.015 g) was used as the starting material instead of Er(OAc)3;-6H,0. The clear



solution was left at room temperature for 2 weeks to afford colorless prismatic
crystals in a yield of 47% based on notpHs. IR (KBr, cm™): 3444-2874 (br), 1634 (m),
1494 (w), 1463(w), 1430 (w), 1155 (s), 1084 (s), 930 (m) , 773 (m), 738 (w), 623(m);
elemental analysis calcd (%) for CoH24N3P3014ClY-3H,0: C 16.14, H 4.52, N 6.28;
found: C 16.27, H 4.23, N 6.22. Thermal analysis shows that in the 25-100 °C
temperature range complex 2 loses 3.91 molecular water, in agreement with one
coordinated water and three crystal water in single crystal structure.

Preparation of the 98 % [Er(notpH4)(H,0)]ClO43H,O in
[Y (notpH4)(H20)]Cl04-3H,0 (1a). A mixture of Er(OAc)s-6H,0 (0.02 mmol, 0.09
g) and Y(OAC);-:6H,0 (0.24 mmol, 0.072 g) was added to the solution of notpHg
(0.20 mmol, 0.082 g) in water (10 mL). HCIO, (70%) was dropped into the mixture
until pH = 1.0. The clear solution was left at room temperature for 2 weeks to afford
colorless prismatic crystals in a yield of 72% based on notpHs. IR (KBr, cm™):
3457-2874 (br), 1620 (m), 1450(w), 1172 (s), 1095 (s), 929 (m) , 771 (m), 741 (w),
625(m), 560(m), 463(m); elemental analysis calcd (%) for
CoH24N3P3014CIEr) 008 Y 0.902-3H20: C 15.96, H 4.46, N 6.20; found: C 15.50, H 4.05,
N 5.76. The amount of Er''in 1a (9.8 %) is confirmed by the inductively coupled
plasma (ICP) measurements.

Crystallographic analyses: Data collection was carried out on a Bruker SMART
APEXIlI CCD diffractometer (for 1) and Bruker SMART APEX Duo CCD
diffractometer (for 2) equipped with graphite monochromated MoKa. (A = 0.71073 A)
radiation at 293 K (for 1) and 296 K (for 2). The data were integrated using the
Siemens SAINT program,* with the intensities corrected for Lorentz factor,
polarization, air absorption, and absorption due to variation in the path length through
the detector faceplate. Empirical absorption and extinction corrections were applied.
The structure was solved by direct method and refined on F? by full-matrix least
squares using SHELXTL.> All the non-hydrogen atoms were refined anisotropically.
All the hydrogen atoms were put in calculated positions or located from the Fourier
maps and refined isotropically with the isotropic vibration parameters related to the

non-hydrogen atom to which they are bonded.



The dc magnetic data fitting by the Condon Package

The Hamiltonian can be expressed as Eq (S1):°

A A

H=H, + /;/5,6 + /;/S,, + bA’C,, + /77‘,, (S

where Hy, Hee, Hso, Hcr and Hy account for the Hamiltonians of zero level energy,
interelectronic repulsion, spin-orbit effect, CF effect and Zeeman effect. The CF

operator of f electrons reads, omitting B, is:’

i = S[ma0s Sllo-coer)) o

In Ds, symmetry approximation, only the Bo?, Bo*, Bo® CF parameters have nonzero

values. The CF Hamiltonian can be expressed as:
q, = i BECH(7) (S3)

The data of dc magnetic susceptibilities measured at 1 kOe were well fitted from 300
K to 10 K with a set of CF parameters (see Table S5); the electronic fine structure was

obtained for the certain CF parameters (see Table S6).

The Cole-Cole plots fitting

The ac magnetic susceptibilities can be described by the Cole-Cole plots using the
generalized Debye model in Eq(S4), Eq(S5)® (single relaxation model) and/or a linear
combination of two modified Debye models, as shown in Eq(S6), Eq(S7)° (double

relaxation model):

(;gr - ;(5){1 + (a)r)lﬁz sin(mx{Z)J (54)
1+ 2wr) ™ sin(za / 2) + (o)™
e cos(/ra / 2)]

2(1-a)

7o) =75 +

L, _ (;(, - xs L+ ((ur)
“ (OJ) 1 2(@1)17& sin(mx / 2) + (a)z’)
£l + (0r,) ™ sin(za, / 2)] N a- f:i)I:l + (or,) ™ sin(za, / 2)]
dor ) i 2 or P Lo ol 9+ or,
£+ (or,) ™ cos(za, /2) . (1= £ + (or,) ™ cos(za, /2)

o (w) B (lr - ZSXI + 2(0)14)]70” sin(m}g / 2) + (a)rA)mia g 2((ur,f)li'l” sin(mx,, / 2) + (a)r,f)

(85)

Z, (w) =Xs t ( r ZSX ) (56)

) (ST

2(1-ay)

where ys is the adiabatic susceptibility, yr is the isothermal susceptibility, and z is the

average relaxation time of magnetization, and the a parameter, which ranges between



0 and 1, quantifies the width of the r distribution, fa represents the percentage of

relaxation A.
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Table S1. Crystallographic data for compounds 1 - 2.

Compound 1 2

Formula CoH3pErN3O17P3  CgH30YN3O17P3
M 747.98 669.63

T/IK 293(2) 296(2)

Crystal system Triclinic Triclinic
Space group P-1 P-1

alA 9.0898(8) 9.133(5)

b /A 9.1926(8) 9.226(5)

c/A 15.1167(14) 15.198(8)

ol deg 88.3976(12) 88.281(10)

B/ deg 75.9926(10) 76.324(9)

7/ deg 75.8700(11) 75.787(9)

Z 2 2

VIAS 1187.84(18) 1205.7(11)
D./g-cm? 2.097 1.845

F(000) 742 684
Goodness-of-fit on F>  1.001 1.053

Ry, WR,*[1>26(1)] 0.0288,0.0702  0.0655, 0.1764
R1, WR; (all data) 0.0299, 0.0714  0.0831, 0.1909

(Ap)max, (Ap)min/[e A®] 1.597,-2201  1521,-1.618

1/2
R=2[R|-IR/ 2R wR{Zw(FOHFg)Z/Zw(Fg)ZJ




Table S2. Selected bond lengths [A] for compounds 1-2.

Compound 1 2 1 2

Ln1-01 2.243(3) 2.238(5) P1-O1 1.486(3) 1.488(5)
Ln1-08C 2.201(3) 2.191(5) P1-O3 1.581(3) 1.555(5)
Ln1-O4 2.410(3) 2.428(4) P3-O7 1.509(3) 1.493(5)
Ln1-0O6B 2.242(3) 2.246(4) P3-08 1.501(3) 1.508(5)
Ln1-O7 2.241(3) 2.253(5) P3-09 1.524(3) 1.522(5)
Ln1-O2A  2.288(3) 2.299(5) P2-O6 1.498(3) 1.490(5)
Ln1-O1W  2.473(3) 2.475(5) P2-04 1.526(3) 1.528(5)
P1-02 1.490(3) 1.472(5) P2-O5 1.577(3) 1.561(5)

Symmetry transformations used to generate equivalent atoms: A: -x+1, -y, -z+1; B: -x,
-y, -z+1; C: =X, -y+1, -z+1

Table S3. Selected bond angles [°] for compounds 1-2.

Compound 1 2
08C-Ln1-06B 82.09(10) 81.42(18)
08C-Ln1-07 89.20(10) 87.62(18)
06B-Ln1-07 148.33(10) 147.04(17)
08C-Ln1-01 173.99(10) 172.65(17)
06B-Ln1-01 102.82(10) 104.62(18)
O7-Ln1-01 84.81(10) 85.03(18)
08C-Ln1-02A 102.33(10) 103.78(18)
06B-Ln1-02A 75.42(10) 75.72(17)
O7-Lnl1-02A 136.25(10) 137.23(17)
O1-Lnl1-0O2A 82.41(10) 82.00(17)
08C-Ln1-04 97.62(10) 97.22(18)
06B-Ln1-04 76.52(9) 76.36(16)
O7-Ln1-0O4 74.54(9) 74.31(16)
01-Ln1-04 80.36(10) 80.42(17)
02A-Ln1-04 142.69(10) 141.82(16)
08C-Ln1-01W 83.79(11) 83.75(19)
0O6B-Ln1-01W 136.90(10) 137.08(17)
O7-Ln1-O1W 71.40(10) 71.43(17)
0O1-Ln1-01W 94.69(10) 94.3(2)
O2A-Ln1-01W 68.21(10) 69.14(18)
04-Ln1-01W 145.90(9) 145.67(16)

Symmetry transformations used to generate equivalent atoms: A: -x+1, -y, -z+1; B: -X,
-y, -z+1; C: -x, -y+1, -z+1



Table S4. Geometry analysis of compounds 1 and 2 by SHAPE Software

Compound Pentagonal bipyramid ~ Capped octahedron  Capped trigonal prism

(Dsh) (Cav) (Cx)
1 1.61448 3.85773 2.75697
2 1.79452 3.74169 2.52892

Table S5. CF Parameters determined for compound 1.

Parameters Bo?/cm ™t Bo*/ecm™? B®/em?t  SQX®
1 -630.3 1661.0 -262.1  0.0045

2 500 =3 (o)~ £ O] 20

Table S6. Energies and corresponding composition of the 8 doublets of the 15
multiplets calculated with the CF parameters for compound 1. Contributions lower
than 1% are not shown here.

M; stark sublevel Energy / cm™

1 0.515 +|3/2> + 0.485 +|9/2> 0

2 0.637 £|11/2> + 0.336 £|5/2> + 0.027 £|1/2> 10.58
3 0.489 +|7/2> + 0.352 £|13/2> + 0.150 £|1/2> 60.55
4 0.805 £|13/2> + 0.195 +|7/2> 90.54
5 0.495 £|5/2> + 0.251 £[11/2> + 0.230 |1/2> + 0.024 £|7/2> 162.3
6 +|15/2> 173.0
7 0.754 £|3/2> + 0.225 +|9/2> 263.8
8 0.422 £|1/2> + 0.369 £[5/2> + 0.200 +|7/2> 326.4

Table S7. The parameters obtained by fitting the ac magnetic susceptibilities of
compound 1 in indicated dc field at 1.8 K.

H/Oe yr/cm®mol™ ys/cm®mol™ In(za/s) an  In(m/s) os  fa R®
500 3.73 1.94 -3.83 0.22 2.6x10°
1000 3.59 1.07 -3.73 0.23 1.2x10™
1500 3.30 0.74 -4.65 0.20 -2.31 0.00 0.67 2.0x10®
2000 3.01 0.56 -5.43 0.18 -2.28 0.00 053 1.7x10®
2500 2.82 0.45 -6.06 0.20 -2.08 0.05 040 2.0x10*
3000 2.44 0.37 -6.58 0.25 -2.02 0.03 0.38 2.7x10*

a8 = St Lt VS 2



Table S8. The parameters obtained by fitting the ac magnetic susceptibilities of
compound 1 under 1 kOe dc field.

TIK yrlecmimol® ys/cmimol®  In(z/s) o R®
1.8 3.61 1.06 3.71 0.24 7.2x10°
2.0 3.46 1.02 -3.96 0.24 3.2x10°
2.3 3.01 0.92 -4.68 0.22 6.3x10°
2.5 2.74 0.84 -5.50 0.21 2.4x10™
2.7 2.52 0.78 -6.45 0.18 4.0x10™
3.0 2.21 0.71 -7.92 0.12 7.1x10°
3.2 2.08 0.61 -8.86 0.12 2.1x10°
3.4 1.97 0.80 -9.37 0.07 3.7x10°
3.6 1.89 0.88 -9.97 0.10 3.1x10°
3.8 1.82 1.07 -10.40 0.15 2.0x10°

2k = YLt 4 ot ) S 2

Table S9. The parameters obtained by fitting the ac magnetic susceptibilities of
compound 1 under 2 kOe dc field.

TIK yr/em*mol™ ys/em®*mol® In(za/s) aa In(w/s) ag  fa R

1.8 3.01 0.56 543 018 -228 010 052 1.7x10™
2.0 3.12 0.55 560 016 -237 010 046 45x10°
2.3 2.78 0.52 578 016 -270 009 055 4.2x10°
2.5 2.71 0.49 613 016 -272 021 057 26x10™
2.7 2.52 0.47 679 013 -309 025 058 8.2x10°
3.0 2.34 0.45 796  0.09 -357 040 058 1.1x10°
3.2 2.18 0.42 -871 010 -382 036 065 1.9x10°
3.4 2.08 0.57 919 004 -404 040 063 25x10°
3.6 2.00 0.64 969 010 -423 044 062 1.8x10°
3.8 1.88 0.77 -10.09 0.04 -437 041 065 1.2x10°

ar = Z [(Z’obs_l,ca] >+ (7(”(>1).;_Z”<:,71 )Z]/ Z [Z}nbsQ + Z”n/:sz



Table S10. The parameters obtained by fitting the ac magnetic susceptibilities of
compound la in indicated dc field at 1.8 K.

H/Oe yr/cm®mol™ ys/cm®mol™  In(z/s) a R
500 3.50 1.22 -6.57 0.09 2.2x10°
1000 3.35 0.69 -6.35 0.10 8.5x10™
1500 3.14 0.41 -6.36 0.12 2.2x10™
2000 2.70 0.28 -6.62 0.17 6.5x10™
2500 2.65 0.24 -6.66 0.20 9.0x10™
3000 2.39 0.22 -6.93 0.22 1.5x10™

2k = YLt 4 ot ) St 2

Table S11. The parameters obtained by fitting the ac magnetic susceptibilities of
compound 1a under 1 kOe dc field.

T/IK yrlemimol™ ys/ecmimol®  In(z/s) o R
1.8 3.35 0.69 -6.35 0.10 8.5x10™
2.0 3.06 0.70 -6.71 0.10 7.0x10*
2.3 2.72 0.78 -7.31 0.11 4.4x10™
2.5 2.53 0.91 -7.66 0.13 2.5x10™
2.7 2.37 1.09 -7.88 0.14 1.3x10*
3.0 2.17 1.27 -8.20 0.18 1.4x10*
3.2 2.06 1.36 -8.37 0.24 1.5x10™
3.4 1.95 1.44 -8.56 0.29 1.9x10*
3.6 1.84 1.65 -7.59 0.02 1.1x10*

ar = Z [(Z’obs_l,ca] >+ (7(”(>1).;_Z”<:,71 )Z]/ Z [Z’U{)sQ + Z”n/:sz

Table S12. The parameters obtained by fitting the ac magnetic susceptibilities of
compound 1a under 2 kOe dc field.

T/IK xr/cm®mol™  ys/cm?mol? In(z/s) o R
1.8 2.70 0.28 -6.62 0.17 6.5x10™
2.0 2.74 0.32 -6.71 0.18 45x10™
2.3 2.52 0.34 -7.23 0.23 3.0x10*
2.5 2.36 0.42 -7.59 0.25 1.3x10*
2.7 2.23 0.54 -7.87 0.26 1.2x10*
3.0 2.06 0.73 -8.23 0.26 3.9x10°
3.2 1.95 0.85 -8.44 0.26 5.2x10°
3.4 1.86 1.07 -8.62 0.21 4.6x10°
3.6 1.78 1.09 -8.77 0.25 3.4x10°

ark = Z [(Z’obs_z)ca] >+ (Z”obs_l”mi )Z]/ Z L‘{}nbsQ + Z”n/)sz



Table S13. Energy peak position and full-width-at-half maximum (fwhm) of the *l13,
45, Stark components determined from the experimental emission spectrum
(acquired at 300 K) best fit (y%e = 1.5%10°) using a 10-components Gaussian
function for 1.

Line Energy / cm™ fwhm / cm™
1? 6638.8 £2.0 61.0+2.7
2 6514.6 £3.5 88.0+3.9
3t 6509.5+£0.8 21.1+£13
4 6478.4+2.1 30.7+4.0
5 6455.3 £ 0.3 149+0.9
6 6433.5+0.4 37.0+£29
7 6401.6 £ 0.3 21.2+0.8
8 6377.6 £0.6 26.3+2.7
9 6360.0 £ 17 40.3+£12
10 63222+ 7.7 115.2+6.9

a: hot band



Figure S2. Packing diagram of structure 1 along the b-axis.
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Raman relaxation process.
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Figure S17. Temperature dependent in-phase (ym’) and out-of-phase (ym”’) signals of
1in 2 kOe dc field.
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Figure S18. Frequency dependent in-phase (yv’) and out-of-phase (ym”) signals of 1
in 2 kOe dc field. The solid lines represent the simulated results.
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Figure S19. Cole-Cole plots of 1 in 2 kOe dc field. The solid lines represent the
simulated results.
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Figure S20. Magnetization relaxation time (t) versus T plots for 1 in 2 kOe dc field.
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Figure S21. The relaxation times of 1 at 2 kOe dc field are fitted with equation: Inz=
-n-InT. For relaxation A, n = 9.7 (larger than 9) which rules out the Raman relaxation
process; for relaxation B, n = 3.4 which falls in the region of n = 1 — 6 expected for
Raman-like process.
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Figure S22. M vs. H plot for 1 at 1.9 K.
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Figure S23. Temperature dependent in-phase (ym’) and out-of-phase (ym”’) signals of
lain zero field.
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Figure S24. Frequency dependent in-phase (yv’) and out-of-phase (ym”’) signals of 1a
in indicated dc fields at 1.8 K. The solid lines represent the simulated results.
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Figure S25. Cole-Cole plots of 1a in the 2 kOe dc field. The solid lines represent the
simulated results.
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Figure S26. Temperature dependent in-phase (ym’) and out-of-phase (ym”’) signals of
lain 1 kOe dc field.
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Figure S27. Frequency dependent in-phase (yv’) and out-of-phase (ym”) signals of 1la
in 1 kOe dc field. The solid lines represent the simulated results.



o 18K

X, lemu-mol™
© o o 9o 9O Rk K
e N b o e o N

05 10 15 20 25; 30 35
X' femu-mol

Figure S28. Cole-Cole plots of 1a in the 1 kOe dc field. The solid lines represent the
simulated results.
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Figure S29. The Inz vs. T* plots of 1a in 1 kOe dc field. The solid lines are best fits
according to the Arrhenius law: U = 9.2 K (5= 1.24x 10 s).
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Figure S30. Temperature dependent in-phase (ym’) and out-of-phase (ym™’) signals of
lain 2 kOe dc field.
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Figure S31. Frequency dependent in-phase (yv’) and out-of-phase (ym”) signals of 1la
in 2 kOe dc field. The solid lines represent the simulated results.
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Figure S32. Cole-Cole plots of 1a in the 2 kOe dc field. The solid lines represent the
simulated results.
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Figure S33. Magnetization relaxation time (t) vs. T plot for 1a in 2 kOe dc field.
The solid line represents the best fit according to the Arrhenius law.
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Figure S34. The M vs. H plot for 1a at 1.8 K.
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Figure S35. The NIR emission spectrum of 1 excited at Nd: YAG laser at room

temperature.




